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PREFACE

8¢ shudy of elestrochemioes éuct&ons, which ere
tesessarily heterogeneous, requires az ono of its bages a
&nowledge of the factops deterainlaz the sdaorption equilibrive
betueen reacting fons or molecules at the electrode and in
soiutions For a small nuzmber of slzple foms (principally
catlons) this oquilidrlum 85 detersinsd sleost entirely by
classical sleotrostatic interactlens batween the fons snd the
fleld of the elestrodej u othes cases, effests of & more
speoifically “cheniosl® nature ape appavents The adsorption
of simple fone at elestrodes has been the focus ot‘ studies
of @ nusber of previsus workers over the 1ast 50 years op
uorey, the prineipal contributions belng those of touy,
Helzholts, Sterm, Chapman, Frumida ang ué!e racently of the
late Dre Grahases |

The corresponéing problem of the aéoorption of
grsanie lons ané molecules at eleotrodss and tho related
protles of the structurs of the doudle layer in such systsms
hss been relstively less dsveloped despite the iuteresting
affects such additives have on various elestrode reactions e
offeots whleh find practical applicatfon in the f4a1ds of
¢orrosion inhibition sud electrodeposition of metals,

The objects of the work deserided in this thests
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kave hense bsen to ezeming by experiment ond sheory tho
electrochenical adsorption of o selsoticn of Neheterocyclie
end aronatic onganls bases, thelr confuzate 1608 and thelw
queternery salts ab solid end 1iquid(mercury)electrodes, The
oxpadaental investigations of adsorption at sepcury have been
sade by electrocapillery zeasurements end at aclid eleetrodes
viz. nickel, ellver end copper, by means of & movel teehnique
developed confolntly by the author snd encther coeuorkers

The oholece of such studies was guided by three major
considerationss (1) the lask of o full understanding of the
otyuoturs of the elestricsl doudle leyer at metalecolution
interfeces, pavticularly with solutions of neutzral and lonie
organic solutesy (2) the neecessity for clarification of the
role of adsotption in certaln electrods provesses in ublod
such compounds are involveds this $s an Lmportsnt reqiirszent
since the intempretation of eleotrode processss 1s depandent
ok an axaot knowledge of surface condentrations of reactants
ané the distribution of potential in the double layerp and
(3) the sbaence in the literature of a thermdyzamieally
unezbiguous method for determining the reversidle adsorpticn
of organie mheuxaa end fona at solid ommm.

In the wevk to de deserided, mﬂfﬁn be plaoed
on physicochanical aspeats of the bihaviour of the adsorbates
rather than on the general cheaistry of the orzanic compounds
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PP Sce Tho deslred ain therefore Las besn o prosant 1o
the Introduction (and Appendix) a unifying account of those
Basie prinoiples and prodless which ere comon to Elevirce
chomdstyry and ChexSaorptions Although well established
conclusions 1n these tus individual flelda have boen
adequately recorded in the literatupe, only 8 small degres
of eccoessful aﬁ:@clctzoh betwesn thea has been achioved,

& dotalled inowledge of regent advances in the
aboveegentioned subjeétk is not presupposed; only a gwml
soquaintanse with fundamental $deas 8 assumeds The essentlal
background il thus be contuined 18 a Peview presented in
two partes (1) an Introductioe and (2) for convenlencs, an
Appendiz covering matters in the field of cheaisarpticn
wnich are of Sndirect, bt neverthelsss fundanental, interest
to eleotrochealsts. The relovant literature has been yeviewed
in s comprehencive mamner with o consaious offort to ewid
excossive prejudice and parochialisa, %his 1iterature suvey
vas elso ondertaicen with the intention of subsequent
publication in more ccndensed fore asaeritical review,

The work on s0lid olectrodes has deen Peported in
two paparsy (1) B,E, Conwey, ReC. Darrades and T, Zawidski,

Jo Physe Chemsy §2, 676 (1958)3 (2) BeEe Conwsy and Eee
Barredas, Trans. Philae %oaiua on Elestyode Processes 1959,
The Eleotrochexical Society, John lley, New York, {in press),



Part of the werk en the elastresban?esd cfzorptilon of organie
bases and thelr conjusste acids, ¢m the farm of twn fuit PEnCrs,
has been accopted for pudlicatien by the Jownal "lestrochintes
Acta® end Is at pmesemd In pmess, Tho popevs oo entiSleds

Elestroohanical Adsorption of Urganle Bsgos and thels {onfugsate
Acids, Part It Adsorption of Neutral Bases st Mevrouryp

Part II3 Compariszon of the Adsorption of the Dases snd
thelp Tons at Heroury,

The ssctions of the thesis on the fonis coponents of ctapgs
in the elootrioal double layer, ond that commected with She
Estn and Markov effect wAll be publighed elsewhore in the |
nsapr Suturos -

™he studles of sdsorption on mercury will o
presented in thres ehspters as Part I of the theste. Chaptes 1P
oontalns the experimental details of this wopl, Chaptor 71T the
results and the onsuling dlsoussion fmoluilng derived dats wiil
be trouted in Chapter IVe This dlvision Is nacessitated by
considerations of lepsth and convenienses In opder to conforn
uith Universnity repulstions, the vork on eolld elestirodss,
ezbodied in Chapter V. will bo presented as Part IT of the
thesis, ZHo sttempt hae boon mede to incorporate the
experimental seotlon of this work fnts Chapter II sives such
8 discuselion will terd to epoate discomtinuity and inconvenience
to the reader,
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success my ascompany this thesls will reflect sredlt to hds
able and patient research divestions

Orateful thanks are due to Professor idrien Albert
of the Australien Hational University for gifts of sevepal
f2omeps of benzeoridine snd dibensacridine, Finally, the
writer 15 {ndebted to the Defence Rescoreh Scard for a
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ABSTRACT

Electrocapiilary measurcnents ape reported for the
adocrption of a seples of heterocyclic and epomatic bases,
and thelr conjuzate Sons, at the meroury elestrode, The
adeorption Lsotherms are derived for various elogirode
potentlals and standars elsotrochemloal free enersles A Eo
of adzorption are deduced and related to meleculsp and
elestronic structure of the adsorbates,

Spesific 77 sorbital interaction effests ars
indicated which detormine the orisntation of the buses st the
eioetm. It is shown that élpole Interaction effsots should
lead to vaptations of AT with the 3/2 power of surfase
eovaragze @3 this prmuctioa is confireed axperimentally, The
variation of A 8 with 03/ 2 nas tuo distiset Mneer regions,
the change of sleps { O.A E’/ 3‘3/2, being related to
mlecular orientstion at high fields and coveragess The effects

are olosely related to the shifts of the potentisl of the
| cleotrooaplilary maxisum {ee0els) obsorved in the solutiens of
the bsses, Tho odssrved A 7 values at the g.0.m, are
related to those found for the sédsorption of $wo buses ad the
alr/uster tnterfase.

For the lons, hydration effeots are oaleulated and
the role of || eorbitsl Intersctions with the cleetrone
deficient mstel supface on the positive branch of the olectros
capillsry curve 18 discucsed, Eneprzles of ) ~orbitel

]
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interaction of hydrocerbons with the mercury electrode sre
estimatod fron previous work and compared with the free
enercles of adsorpiion saloulated for the organie fonde
Tonie intersction si‘fae»s in the surface layer are iavestigated
by ewluating A i a6 a functlon of § . Deviations. from an
expscted linear rolationehip between A Z'zp and QVE are
found, and are conslstent with Van 4oy Yaals attrastive foroes
treated by other suthorse Changes of the potentisl of the ,
eloctrooapillary muxinum bave Beon evalusted and appesy to be
rolated to the degres of imteraction of the fons of the .baasa
with the acrcury surfags through 7 -orbitsl bending 1o & vay :
| siannv to that for the adsorption of the corpresponding *
" Untontued basess | |
The lonic compononts of charge within the elestrienl
double layer as & funotion of potential have besn studied,
Fleetrooapillary curves for various concentrations of pyriding,
zethylpyridiniuz chiorlde and quinoline, in several slutions
with variable conemtrmona of potassium chloride and hydroe
chlorle acld, respectively, were odblained, From thees d&ﬁé,
galeuletions wero zade of the charce on the solution sicde of

the metalegolution interface (qg), and of the srlace excesses
of positive lona [ 330", A K’. and / base +), negative
tons ( [~ a*) snd noutrsl molecules { /7 . .
quantities lesd to s detailed picture of the girusture and

)o These
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chapge distribution 4n the doudle layer in the prosenes of the
organic basces and their lens,

An experimsntol study of the Zaln and Yapkov Fffest
vas asde for the speeifically adsopbed opzanie cationse In
ell cases examined, the plot of the potenuél of the electroe
capillery maximunm = .. (wWith pespest to the potentis) of
8 calomel electmdo} ¥ed & lnear funstion of the logaritihn of
tae concentration of the organie catfon, end the slope was
found to be ess than 5, witen 1s in agreesent with Stem's
theory of the elootricdl doudle layor, The thermiynamlc

relationship

0 )

A e -E- q‘

51&:,,)«@ U T e,
has been deduced and is quantitatively vonalatemt:with the .l
axperiaental resulta,

In the absence of any theory of "the Zeln and Markow
Effest for meatral molecules” an snslysis, similar to that fop
ions, was made for the un-lenxae& organic basess The fonouing
rolationehip was derived themdynmieauya

——-....,OE» @ o R? —-me“ .
Olng, /g 0 9y &

and 1t was observed emperimentally that this relationshlp guve
only 2 faly but not exaet representation of the shift im the
potential of the cecels wilh changes 1 the logaritha of the




o il o

2etivity of the meuttal organio subsirste, Plobg of 20¢Oede

verses R? In c& gave slopes which agreed only i opdep of
- Bagnitudo with those elopes of the plots of [ a bzalnst g
{at constant 8,)e

Flnally, a Speetrophotonetrie method was developed

for the élrect dotermination of the edsorption of esnjugsted
heterocyelic and aromstic solecules, thelr lons, and thelp
quaternary salte, at Solid clectrodess The effects of charge
asé ring aige of the organie additives, the role of varying i
solvents and aelds, $ha comperison of strength of adsorption of some
gsg;;:;i ndeokel and sfiver, the effect of polarization
epplied to the eloctrodus and the svaluation of thermpe !
dynaale parameters of adsorption weve investigsted, In a
umber of c3802) the Pes:lts oould be related to those

obtained at mepsury from the elestroespillary studies,

S~
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ISTRODDCTION

Re ZRALIMINARY LMDy

In this Introductory Chapter to the thesis, the alm
has veen to oring together in the form of a comprenensive and
eritiosl review some of the maiw theories of elecirochemical
adsopption and of the struciure of the double layer at
clsctrodes topother with on exainatlon of the thermodysamlc !
taeory of aleotpocapiliarity which'ias used extengively in ‘
the interpretation of tho eaperiuental pec.lis odialned in
the present worke Since intop2ut in sdsorption at oiéutz-adu
ig closely connected with tho inturprotation of t%:a kinaticy of
slectrode processes, thege mattors have also boest dlgsussed in
this Chaptere "

RIS

{4) nonnm&m

1% 15 appropriate Yo hspin with the elarifiecation of
a fow fundaxmentel concents uhickh w1ll be uged pepeatedly inm the
subsaquent text, o

¥attep at the boundery of two phases possesses certaln
nroparties which differentiate It from matter untformly
diztpibuted in either of the eontinusus pheees seraratsd by the
interface, The tendensy lor accumlation of & component i one
or rmore of the phases to zecur &t o eurface 1o known ag ADSORPTIONR,
The contact of "immiscidtle" phases may, In 24dition to

adzorption, result in nmitodl penetpation of one phase by the
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other, and thin 15 known a0 ABSORPTION,

The shenamanan af césorption erizes from the fa0%
that otems in any surfaco are subjeot to unbalanced forces
of attraction perpondteular to the surfoce plane and therofore
700008s & cortaln Sumaatumation’s It Lo this unsaturation
whlch exploina why pepfeetly clean motsilie mfaeas are
relatively highly energetic and the mere fouching of two such
surfaces would be sufficiont to produce o welds Ihe main work
of "saturating® tho smirface forees is usually eccompliched by
the condensation of s single layer of molecules snd 19 such
@ case the sdsorption 13 termed UHIMOLECULAR end the filn a
HOHOLAYRe Adsorption takes place not only with a doorexse
1a surface (free) energy but also often b 2 desrease in
entropy besause; by confining an adsorbed molecule to a thin
surface layer, at least one trantlational end often one o¥

more retationsl degress of freadom ere losts his {8 accomponted

useally by & corresponding decrease in the heat eontent of the
adeorbate; henee admorption is pearly siways an exotberalc

PrOCOsSe
Two types of adeorption mey be diatinmuishedy

(a) PHYGICAL or Van der Waalfs adsorption and (b} CHEHISORPIION,

The degree of unsaturatien of surfaces oan vary conaideratly
and, vith those aurfuces which are tnert in the sense that the
valency requiresents of iholp atoms may he thought to be
satiofied by bonding with adjacent atoms, adsorption tokes
place simply through forces of "ohystcal adsarption®, These

AT AL s
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forces ave Smller 45 those causimy the deviations of renl
2088 fron "™deal® behaviour. and in magnituds ape of o
sizilar order to Ghose betueen molecules in & liquide the
heats of physical adsorption are not much larger, and are
soustizes szaller, than the heats of condensation of =oleocules
ento thelr own liguid or solid surfaces, In contrast, any
interaction at the surfaco leading to changes in the energy
atatos of electrons ghould be regarded as s chemisorption,
This term {mplies formation of quasiechemicel bonds of bﬁe
adsorbed substanee with the solld surface, The hests of
chemisorption are thus large in comparison with the heats
of ohysioal adsorption. Lmnard-sonaa" has demoustyated the
contrast with extrens clarity in his classical work on
notential enerzy changes durinc physiecal sdsopption and
chenisorption,

{11) Relevance of Adsorption Studies o Flectrochezical

PMmblems

In orcicary Botercgooeous chemical rescticns, the
role of adsorption has been firaly ectablizaeds In primeiple,
electrochnealcal reactions are siailer 3o chemical onmes, since
both lavolve interactions between particles having sone kind
of slectrieal chargs op oharge dlatributions The practicsl
differonce, however, 18 that in electrochemical processss,
coma transfor of not charge occurs, ususlly at a metslesolution
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inderface, ackosy & gradient of cicotrienl potentiale It is

cosveniont to regand such transfers as usmally inwlving e

change of eleotricel as well a5 chexical frec cuePzy, and the

total change of frec enepyy 1o thed Sermed tho chanpe of

Seleatrochenical potenticl™ by acalogy with changes of eheates}

potential op sz@ frae onerry in ordimary chealcal procoasess

The term "electrochozieal potential® {amot to be confused with

stencard elestrode potentisls in the eleotrochemical series) |

was first defined and used by Zutlep and Gnggmhﬂm.a"‘ ‘
The dependense of tho kinotics of elestrods processes

on the structure of tho interfacial alestrieal double layer and

on the copsentration of ions and molesules adsorbod at the edestrodee

olation interfacs cannot bo overeemphasiseds Ths importance of

this dependsnos arises not only because the rates of electrode

reactions are detemined by the surface consentratlion of reasctants

{as in heterogeneous catslyals), %t alev beosuss they are often

denendent upon the ensrzy of adsorpiion of tho reacting spesies

at the elestrode aurfsce, the distribution of potentlal in

the elzetrical double layer and tho adsorption of lons affeet

the rates of elestpochemical resctions in two uaysy firstly

by determining the supfaco concentyations of lons avallable

for reactiony and sescndly by detersiming the potential drop

at the Soterface acrosc waleh the reacting odsorbed lons {or

eloctPons) mst pase in order to reach the transition state
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of tae peactlon fron i0s Ifnitlal atate.s In some instonees
the electrode process may be affected both by the adsorption
of iae reactent anc the Peaction pmducﬁ.s The adsorbed

raterial, by changing the strueture of the double laver, may

alter the kinetic.napamoters of the reaction, Theorles concerned

vith the structure of, and potentlal distribution inm,the double
layer at elestiodos wil) henee de examined in soms deteil,

Be ZHRORIES OF THE BLFCTRICAL DOUHLE LAYFR |

(1) Deftnitions

Very almply, the clectrical double layer is an array
of charged particles and oriented dipoles which exist at an
interface, Ith: existence may arise in any of tho five
folleuwing waya: {1) s charge separation at the interface,
ueually rosulting from charge travefer;(2) unoqual adsorpties
of lons;(3) orlentation of solvent mlecules; (L) elestron
overlapgw) charge separation by polarisation in the slestrode
£ield, Apert from its intrinsie interest, & knouledge of the
structure of the doudle layer 18 a prine requisite for a wore
detatled interpretation of the kinetiss of electrode reactions,
In thia discuselon, consideration wAll be limtted to the double
layer 6t the interface betwecn 2 metal and an electrolytic
solutions The tera "electricsl doudle layer® will be retalnsd
despite recommendstionsto the contrary suggested at the Flghth
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#eeting of the International Committes of Elestrochenical
thermocynanies end Klnotico held at Hadrtd in 2956,° tmis
commisaion propesed that the term "slectrochemical double
layer® should bs used 40 place of . "electriosl Gouble layer)
and in particular in nlacs of . ‘”éleccmlytio double layer”,
an expression frequently employed in the Gormen litepature,
The replacement of the latter deseription appeurs to be
reasonable but no obvious adventage seons to be gained by
adopting the first suggestion,

{11) glitative Commanison betusen stine Theorles

Helubolte! regarded the double layer as equivalent
%o & condenssk of conatant capacity, L.0s With equal charges
on the motal and in the solution facing each other at a
constent distance. Helmioltz's trsatment gives rise to o
plausidle value for the thiciness of the doudle layer but des
not take into account the thermel equilibrium beducen particles
adsorbed in the double loysr ané those ip the bulk of the
solutions I 15 therefore nocessary thet the concept of &
rigié double 1oy o2 be replaced by one of o wundary layer,
the atruoturs of which cen chanze with solutlon conesutratlon,

szya’q taox loto ascount the faet that there mest
2e eg:ilibrium tatweon tae eleotrieosd foroes whieh aps
responsitle for the cxlstence of the double layer and the

ogaotic forces tending to malntaln homogeneity, and polnted
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oul thal the loms could mot be consentrated at o dofimite
cistenoe from the surface in 2 eompact layer,

Ghapaanm exbended Goug's conception of the double
layer by intrecucing Polsson's equation to £ind the equilibrium
¢lotribution of lons ih the diffvse double lsger and tho
corresponding variation of electrical potential, His scalouletions
were sinilar te those of Debye and Efckel to dstoralns the

distribution of lons in the lonio atzosphere around & given ion,

The CouyeChapzan theory losds to results iocompatidle with
experizental work, in particular to completely erroneous values :
of tha‘double layer capacitye The @odsl also does mot taks ‘
into account the finlts size of lonss The CouyeChepman theory
also falls in ancther way bocsuss it does not take iato eccount
the reduotion of the tulk dielestric sonstant value in the
double layor dus to dlelectric saturation in the vieinity of
the elestrode a8 coneidered more recently by Comway, Boekels
and Ammartt and by Gmm.la'n
Stsx'nw avoided some of the aboveementioned difficulties
by introducing two new postulates: (&) that lons eould only
approach the suviaes to sozme limiting di::&inca correspording to
thelr finlte effsctive radii in solctiong end (b) that the lona
237 or mey not be chemlszorded (or "speeifically® adserbed) at
the Interfaces The first layer of icna adsorded dlreotly at the
metal then constitutess iayer anelogond to that suggested by

Helabolts but beyond this layer, the ions were regarded es
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@iffueely distributed 2o {n the CouyeChapmon theopy, A% the
first layer in the iterm theory, the charres are rogarded ss
’ aseoelated with the Fmamuchzs or (f epotential, and the

3 electrokinetio phenomena in electrolytes in contaet with an
interface are Sherefore duo to effects connected with this
‘mbne or diffuse portlon of tho doudle lagers Tho zeta
poteatial mzy be definved ase the potentisl at the supface of

hear {eeze betwoon s0)ic particles and the dlspersion mediun

| ia eleotrophoresis) due to the combined effects of the charges
on the supfase and the equel and opmosite ones of the fonle
atzospheres The gets potentisl s mot necessarily equal to the

X

potential ot the £first layer of cdeorted fons (Pigure Io,
page 9) since the hycrodynnamte 1imit of aheap at the interface
is unimoun, However, cxverizental geta potaat!sh“ and those
caloulated from the Stern theory are usually gquite comparsble,

| 2n the Stemn model the interfacial potentizl contains
tue components corresponding 3o sgparste potentials aerose the
Heleholts and diffuee layerse. Sinece theze components mey be
of oppozite sign, two types of the Sterm double layer mey de
sketehed {300 Flgure Ic and Id, page 9)s It may be mcted that,
formslly spesking, a transition from one type of Stern doudle layer
to the othor dnvolves & state inm which the Gouble layer Lo ubolly of

a Helaholts typos The usefulness of the itern concept as & working
hypothesis for the etructure of the Gouble layer has been exaained
at length by ﬂnhame” who developed the theory




Flzupe 1. The Rleotrical Dauble Layer
{a) Hslanslez Hoded
{b} Souy .ded
{e¢} Siern ¥odal

{a} Storn Modsl
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further in terms of the finite slzc of lons and ecnaidered
speelfiecdly the affectc of takine intc secount the diffepent
cegrees cf solvatlion of anlons and eations in the doudle loger,

Mgure IT 8 {nane 11} 1lustotes some of the
essenticl mpdificattong made to the theory of the olaetrical
doutle layer by Crahumae It doepiots & very simle oleculap
pleture of ihe eleotroiytic side of ths imterfece, The
eloseness of epproach of 2553 in the elsotrolyte So the metal
surface 18 determined by shether op not thoip hydration chells
can be dismlaced or distorted on the side scarest o the melal,
Ions unieh do a0 a3 tiey approach the metal surface enter what
is called the ®Imner Holaholtz Leyer®, Ioms wiiech retaln at
least the first layer of thelr hydretion shells cenmot approach
the eleotrode as olosoly, and the loous of thelr centres at
closest approach is termed the "Outer Helmholts Leyer or Couy
Plane®s Ocnerally ¢ has been assumed that the distridution
of {one on the electrolytic aide of the interface 1s determined
only by electrical forces, slthough Stern recognised the
poseivility of "specific adsorntion” forcess Crahamets work
sugrests that the élatribution of fonms in the alffuee nart of
the double leve? can bo ragerded a3 defermined enly by tho
seneral elcotrical fleld dut thet ioms sccupring the fpmer
Helmholts layer must be reganrded as adsorbed to the metsl
surface with some degres of chemicel honding and eonsequent
dlatortion of thelr primary solvation aheath.ls |



Figure II» e Elestrical Doudle Layer

{2) “olecular todad
{b) Devenutbants odel
{6} Beglons of the Dnuble Layer,
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Grahane™? stresscd that () foms “in contact™ with
the fnterface are found not to be separsted fyom the ental
by & leyer of solvent, and (b) the eleotrical centvos of
anions - - &re able to approach the interface more elosely
taan the eleetricsl centres of cations, The dstalled
structure of the elestrieal double leyer at a metallls
supface proposed by Gradame {sse Flgupe II 8 page 11)
containg four dlstinet replons (1) the metalils phase upon
whose surface an excess or deficlency of electrons may
reside (i1) an "tnneraost® reglon lying next to tha metallle
phase and into whieh the eleooirical centres of ions camnot
move beezuse of thelr phystesl "erystallographie” alze
(111) an "inner® reglon accessidle to the elsotrical centres
of anions dut mot of hydeated cations and {iv) an “suter”
rezlon containing a diffuse double layer of the type
described by Couy and Chapman, and lmited at the eleotrode
8ide by a plane at & distancs egual to the average radivas of
the hydrated cations populating the doudle layers The layer
of anione %8 called the “adsorded layer® besause it 1s held
at the lnner Helaholts plane not by simple couloabic forces
tut by shorteranze forcesy the resilting adsorpticn belng
then terzed °spesifis adsorption®,

The first important point of difference dotueen
Grahane’s and Stern's theories 18 the idenBificstion of the
two planes, the inpor and tho outer Hslmholts planes, instesd
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of onoe Stern @54 meaticy Lthe posslbility that asuch a
broaidown might be necessary but did not recopnise the
immortance of it. The neccasity i& showun Iy the faet Lthat
one cannot account for the amount by which the potendial of
tae clestrocapillary auzlmum {se0ems) 0f mevoury {qeve
section E on the theory of slestrocapilierity) 48 skifted
ty the adscrption of negative lonss The shlfl 4n the cesem,
potential of meroury cua be caleulsted uneguivocally from
Stern's theory, but the results are of the wrong gg:
magnitude, and change with concentration im & manner ot
variance with gdservation, The @lrficulty erises from the
assumption, implicit in Storn's theory, that the tnmer and
ocuter Helsholt: planes heve the ssme sotential, Orahame
exanined the ahift of the £40,. potential of moroury caused
by the adzorption of Hal, KCNS, Nakpy, B, famra, :laﬁes,
!GIOB, XT eng 3023302. In every case the observed valus of
the shift of potentiel 1s greater than the salenlzted one,
indleating that the adsorbed iome (enlons) ere adle to move
in eloser to the interface than caticns, %The second
ioportant differense botwecn Grahaume's theory and that of
Stern {5 thet only the layer of fons existing ot the Smmere
st boundary (inner Helaholtz plans) 1s regarded as held
by shorterange forces, Stern's theory, on the other hand,
irvolves a layer at the surface which cad ¢ontain both



pocitive and negative lons, ‘

Devanatian®® has developed the concept of the double
layer furthers Ho postulated the structure shswn in Flaure IT b
(page 11}, which 45 substantially idemtioal ts thst proposed
by Grehames The original Helmholtz laoyer is shown to be &
éuplex strusture of solvated end unsolvated lons, while the
¢iffuse layor remained essentislly the same us bafore. The
quantity "§ " 45 the diatance Lotween the centres of the
specifically edsorbed lens from the meSal surfsce and ig
characteriatic of the nsiure of the ione From the foregoing
discusaion it uill be ssen thet modern degeriptions of the
stpucture of the electrical Ceudble lsyer sugpest that &t
should, in fzct, bo wore procisely called an electricel
"toipls layer®

(41%) guantitative Comparison of Double Layer Thesries
{a} The tosataont of Helmholts

The double layer is considered to be aqa__:r.vnem
to & fized parallel plate condenser of sapacity C, where
¢ oqff = £l | (1)

and _
@ = EFNATS B -4
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G 40 the charge per unlt ares metal supfese and ;Zé 16 the
netal solutich potentldd dropy § is the thlckness of tne
dousle layor messured In terms of the mesn distenaes of {00
centres from the metaly F 1s the dlelostrie "constant™

of the solvent im the double leyer,

(b) Pipas zation: The ouyeChapnan theory
| for point charge lons.

Lot’no bo the average consentration of lons in the
bulk of the sclution, ard wa be the slectrostatio work done
in bringing the Sobs of one type froz the solutlon to a polot
et a distance x froc the elestrode eurface. Hence acsording

e B e

® D 10 sonetiaes seferved to as the differsntial dielestris
coefficient because £t varies with fleld strength Fo The
aroblen of dlsleotric saturation still presents some
difflculty in the theorles of the double layer, The dielootpic
constant of the solvent has boen assumed to be constant in

the theory of Sterns Thia assumplion ia made in spite of the
larze eleetrical fleld present and the question arises whsther
or not this fact imvalidates the thepr-. In order to pesolve
this 1sse Conway, Boeckris and 4s * have ed the
dependence of E a8 a funetion of ¥y Graham 8180

devised a cozpareble sesieepirical equation for E as a
function of P yhich wes based on & theoretiesl treatzent .
siven by Booth<s, Both groups of workers concluded independently
that although E fells to low values in the 61ffuse part of

the double layer, the measurabls propertiss of the double
layer aro not significantly atSEctod. This concluaion was
1ster borme out by ezperimest,




to the MazwslleBoltzmann Law
n, = n_exp (-Wx/kT) (3)

where n, is the concentration of ioms at x. The charge density

at x is C> - and is given by the following expression
Px = & 18zeem (/i) (1)
where the charge on an ion is ze (e 1s the electronic charge
and z represents the valency).
The general relation between the electrical ‘

potential ﬁx and the charge density at a point x is given
by the Poisson equation

- div [Ex grad ¢z] = lt77(° x (5)
which then reduces S0 the one dimensional form
9 (By o8, )
- 22 = 47 €, (6)
k: x

where Ex is the dielectric constant at a distance x from the
electrode. Introducing (4) into (6) the following relationship
mey be obtained

-._g__ (Ex aﬂ’/ az) = l,_ﬁe Zzno oXp (‘Wz/kT) (n
X

(7) may be integrated directly using the two following
assumptions: = (a) that the dielectric constant has a mean
constant value E over: the diffuse double layer and (b) that
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¥g 1o slmly an elestrostatic o, depeddent ob tho valeney
and not on tho naturs of the Zon 1.0

Uy 20 ( 8, o ) (8)
uhers ’s is ths potenilsl in the dulk of the Boxutio;o |
Ualng the {dentity

a 2 q,

e PR VAL 9

wo obtalh the equation for the lsn dlateibution in the ’ ‘
followlng aanner:

Tz 28 2 ~L~anm[35{¢ - 8] o)

Iutegnuug 10) we eaaw.n

hot L 5 (o(2h20). }"*l

The figure unity occurs in equaticn (11) becauso the constant
of integration muet be evaluated and this 13 obtalned by
examiaing the resul$ for the boundapy conditions ﬂ: —> ﬂa.
88 % —50° ¢ The surfuce charge g, can then bo relsted
to the fleld close to zfm interface by Gausa's Theorens

.ﬂ& = ﬂl—%ﬁ {12}
% /. By .

where a 15 the dlatance of closest approach of iens is the
surfseo and B, represents tho dieleotric constant within
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this dighanes,

nearranging (12) we have
/ ~,\ g ‘
ﬂ T— Q{i -] a( —-—-& (33)
0 2 a
wilch 18 e ficld at the reglon of the first layere
This fleld mey be Ldentlfied epproximstely with

that given by the PolssoneBolizuenn equetion, Lees y

¢ g — g

Brw T 1/2 i

-Ea (—-A> aL = ZBQ {ezp(-ze [¢3“ ﬂﬁ_{/kT .j (3}

fbx refeps to the position whepe the value of x = a ai the :
doulle layers Fros {13} we see that

Ny
G ° °h (-——-—5)/&7/‘
0%

end @ssuxing thet By~ £ we arrive at the following

G 2 .‘.{:‘%-g ch{m {~ze [’s' ﬂJ/k'i’-lf Ve (18 l

¥ith g zez valent elestrolyte, o, = 1 =1 , 8o that g, can then be
slimnlifled to the follouing

,:‘/ i) E ?N,Q i -

‘2urn > son [z= (B, - B3] 210 (26)

L

Both Couy snd Chiepmen identified £ with the

anteniial at the metallic surface, feee 2 = 0, ioplying Shevefore
taat the Lons were peint charsese Txporlmental aeasurexsnis
eontradiet this assumptlion, cs may be seen by reference to

calouiated ang exyerlmental eapaslitlies of ths double layere
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Ihe capaclty of the doudlo layer may ve obtained by
differentiating L uith ressect to potential, 1.00,

- @y s ¢ e 0 gy
208, - ) 0 (o)

where C reprosents canscity snd Etexp) refers o the ezporizente
ally measured potential, Thus we ®ay obiain

Y o°nl 1/2
¢ (W) cosk [ze (g~ Qa)ﬁt’i’] {17)

rabanel” showed that the values of capactty caleulated from
(17) ciffered considerably from the observed capscities for a

aercury electrode in four different aqueocus solutions of
sodium fluoride,

{e) Second Approximation: Ions of finite sige

Betler agreement with expertment 18 obtatned by
assunlng that the fons have a finite size and that the plene
of closest approach 18 at a distance 2y from the elestrode
and hes a potential 52. The electrode=solution potentisl
éifference may be written as

5;4' ‘B 8 (‘;{"2’ + (’2. ﬂﬁ) (18)
Tae cepacity may now be written es follous;

Dy B0 /e w 2fye B Mo e 2gy- g0,

and
1 1
e 4 ewsw (19)
% Co2  Coup
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In equation (17) we may now 1dentlSy the torm 5& with ﬁa.
Squations(17) and (19) may be solved fop ¢ shepsunon

/ 9 o2 /2 -
(!--?-—'-'-E) coth | 30 (e §3/22] ()

Cre2
2 Tt

L=
Cont/ 2 2 1/2
He2 [ 8o n T .
("‘5‘:‘-) couh [3e (85 = #/2e1 ]

Tquation (20) may be simplificd by writing \

¢ 2.2 2
o2 (L—L.‘LE) o cosh {:ze (#,y 5,)/&3'1
. 211 (21}

Co2 * Caug
Two lniting cases may be exaalned for equation (2A1): »
{a) when Cye2 » Co g then the overall gapseity C ~ Coeg Seeey

2T kT
This occurs when the solutions ars modorately concentrated op
wen e #, is omall,
(b} when Cog > Cuome then

(!iﬁ.e!i> Ve wm [aed, /2] (22

C X G (23

“quation (23)1s valid when { Foe #,) 18 lerge, lees when the
duble layer approximates to the Gouy zndel and the solutions

: are dilutas Calculated values of & from (21) do not agree well
‘] with experimentsl valuess Frumkin® anowsd that better
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agrocment can te obtainmed 1f 4t &g a3ouned that $he Cira2
value 15 diffepent uhen enlens populate the compaes layer

from that when cetlons do so, Frumidn suprosted the
fellowine eguation

Lo Lo (e 05 v %, ep[as (f, g,)/s1)
omp [e o= B/5i) v exp [we fo e B;;/ki’]
usere I, and 3, Tepresent - the contributions to the capesity A
of the electrode due to the catlons and the anlons, respectively,

&)

In this treatment of the struetupe of the double
layer, the capacity ean ‘dcpend oh the nature of the len only
by an effect on the oapaoisy ca.a becauss, at & given value
of Qe °a-2 deteraines ge and hengs ca_,. Differences in
Ciep @ight ogour ae 3 remlt of dtf:o?oat diotances of clnsent ‘
spproach tae) caused by the different sizes of the ions, Tese
differences would de enall, nrobably within a faotor of tuo,
and 1n faet 4t 1s found that 1o the abseass of speeifie
adsorption, the capacity eurves are very simllap for salts
with cations of different types.

b
1
i

Lnother test of this theory can be made by comparing
the calculated values of the "components of charge® in the
diffuze double layer with exnerimental values for ions which
ave known not 30 be specifically adecrbods, In a salution of
& 22 valsnt eleotrolyte the excess charge in the diffuce

. double layer due to cations 1n s lamina oi tnlekness dx at & _




22 w

éistance x from the electrode 1s riven vy

8¢ {n; - u;} dx = sen, [exp (w2 { dx . 585/3’3) « 1]ix{25)
where n; is the numbder of eations at o polot x 4o the compact
layer, n; £8 the bulk comocenirution as X — ~ angd ng is tae
avorage concentration of tic lons in zslution,

Integration of (25) gives the totel axcess ¢harge
74
g © / sen, [emlesa (f = S0k ol) &x  (2¢)
b 4

with the dcub1§ lsyer starting at the outer Helmholte plene
{ fx = ﬂa) s then

q = (kn, Q/aﬁr)"z exp (og0 ( fy e 5,3/%:?- 1 @

Similerly we can obtain an ezpression “or Qe rom eleotroe
capillary meesurezents /' s &nd /7 {the supfuco exeesses)

ere obtained and in the abaence of spseific adsorptios, Q%
and q_ mey be equated to 8, o /', and s, /7 .+ reepeatively,
Experimental confirmationt? of this is satisfsetory and lenés
support to the theory of the &iffuso double layer outlined here.

Gratane’d stutted the dtrfepsntiel capacity of

gercury in contset with aqueous sodlum fluorids sylutions as e
function of concentration ai 2@ ¢, s rosndta indleated

sl from the tapaeity measurenents ot anyone cangenirstion

4 w28 possidle to calenlate the espauity st all others,

This result confipme thet in the absenc: ol gpecific sdscrpilion
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“he ifferestisl cspacity of the region lylng betwesn the
metal and the ocuter Helmuolts planc depends upon the surfess
eaopge Gensity on the metel sng mot upon the concentration
of the cleotrolytes The pesulis not only aerve sg an
adéitional confiraation of the clescicnd theory of the
diffuse doudle layer, but also can provide data which may

bo used a& an ezacting test of the aecuracy of techniques
used for the experimental measurements of She & frarantial
capacity of the slectrical double layer,

(¢) hist soroziastion Sectfie adeorption of
ions of finite alse,

Stern's improvements to thoe theory of tho strusture
of the metal « solution interface conatated of (1) sllswancs
for the finite sise of ions in thalp fproach to the mets}
surface and (2) allowance for the "spesific interaction®
between the surfase and the lons imzodlately adjacent to 1t
He assumed that the specifically adsorbed ons formed an deal
localised monolayer (at a position 3, fron the metal surface),
and that the other edsorbed ions, which are not mecifically
adsorbed, formed a diffuse layer which could be desoribed by
the CouyeChapman squationds Specific intersction uay be
taken to signify interaction other than the cleotrostatic
interaction of the lonie cherze with the field due to the
charze on the metel surface, ‘ore sxslicitly, an electrolyto
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way be deflned as syeeifieally adaorbed ot o aeoreury murface
uhen the ccordinatos of the clectrotapillary mazloum ape o
function of the concentration of the elestrolytes At the
CeCoiley Gy, the charze on the metel, L8 geroy hoence there 'az»e
no cleotrostatic forces” holding the ioms t¢ the surfice.
It $a now necessary to comsider the cherso in the
comnaet dsﬁble dayer due to chemisorbod Zonse In order to
celeulate $his we rogquire $o use an adsorption isoth vm,
In Sternts mocel of the éaublé leyer geatmmea the &lstanoe ‘
at vhieh specifie forees are mezlisibls, fnstead of the
distanse of elosest approach (‘1’ of tho lonss The charge
on the solution side of the doudble layer msy be divided
into two parte: '

Qo2 * %y
Fupthermore,
G ® =9 * (q.p- 4y, (28)
and q, . may be obtained i by using . <l equatien (15)
whereby

g ® (KB 2T ) g [om (o2 ( gy > g0 AV2 1)
The charse &2 vithin the boundazy of the veglen ubm.lons are

— _— P e

i O appeoars that ez:all rosiduanl Smnge forces ahould clss be
considereds However, the absenece of speoifie adsomtion of
sodium fluopide at the 8.0 itmlles that these forose are
1aaienificant,
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spacifically adsorbed may be cerived by a method anslogzous
to that used by Lanmira‘ for a system where adsorption
oceurs on independent localised sites™S, Briefly, the
charze per ejuere centiuetre on the specifically adsorbed
layer 48 glven by |

Qp ° ) omy B¢

and
g
B = (2)

[10 a® ae:p(A0°,/k”)]

For dilute solutions when ¥, > Bgy ¥e have

ﬂfn"" ;! ~ Xy (32)

T | 8
For a bimary electrolyte

- 800 | et e L )
%.2® [lﬂlx exp ( AG,M/&T) M./x expl AT eads £} »

vhere B, {8 the surface conventration of icns. and n, the
volume congentration of lons, Fy and ¥, erc the nuabersof
aites per square ¢m. on the surface and in the solution
respectively. Xg denotes the mole fraction of the eleetmlyte
in the. bulk of the solution and A G° and A 83, are
the standard eleotrochexicsl rrGei'energies ef adsomiion for

the cations snd the anicns, resectively.
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Fow quantitative tests of the Stern theory hss been
garricd vt ?hzlpotas demonstrated that the potentisl dpod
$n the dovble layer occups in ¢ws partse Philpot mede a
ploz of the sherce density 4n the dlffuse part of the double
levor apatnet tha votentisl of the eloctrode punface and this
revealed two neoply linesp poctlong with different slopes
iotped b7 a nonelineze gections Thals provides mo information
about Stern's thoopy of spoeifie adeorption becauze tho
expaprdsontel pepults £it equally well a model !n which only
the Pinite pizo of the omo 1s taken into accoumt, A second
type of testl?*! 15 concernod with estobltshing whother the
rotential ﬁl in the specificslly adsorbed layer and that ¢2
at the boundary of the diffuss double layer near the elactrode
are identieals Paramas indlsated that the two potentiale
are not equale

ome of the difficulties Les in the formulation
of a precise definition of ﬂ;. Sth assumed that in the
abgence of specifis edsorntion, Aaade’ the gtandard electyos
chemicnl fyes enerpy of adsorption, was gimply the electros
statie free emerzy of sdsorption of the fons of charge 26

piven by
9
Storn also assumad b ﬁl = ﬁa for the murpess of his

eaiculntionn anmi showed (ag szpestad) that the regults

obtoined using these twoe cssumptions diffgred 1ittle fram
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those obtalned uslng the assusstion Qo2 ® Uo  Theoretically
§, cannot ve equal to #, Lucanse the eleotric field between
the leyers 3 and Z would be zero, unless the two layers were
sunerimnosed, Le6e Z ® Xy 1f the doyers wore superimnosed,
the fons which would contritute bo gy 5 would bo ia the firet
ioyer of the &ffuse doudle layer and consequently thalp
contribution to g, would be estimated twices Thua the
assumption that Q2% 0 {3¢e, when AEfﬁ, is largo and
positive) in the ateents ¢f spoelfle adsorption 1o theopetioe
ally preferavle, ant siwpler to use in calculations, than the
soaumptions A ;E“ = 0 and ﬁl s 52’ although they lead to
elallor numorical resulis,

In the Stern treataont of spooifie adsnppiion, the
lsoth-rm chofen was equisnlent Sc that of Lengmuir, 1.6,
the speeirically sdsorbed ione wers asgumed $o form an ideal
loenlized monolayer in which there were negligible interaciions
Detwsen the sdaorbed 1on8,%0 Parsonc®
data obtained by Eain and Harkov®! ané by Devanathan and
Perias>® for potassiua fodide soluions to test the velidity
of usine the Langmulr Lsotherms These date are relevant

u8ed tho experiments)

since for the simple inorgenic antens, the ladide lon £z the
most stropply edsorbed, Seven types of lsotherms were
compared with the experdmental resultss: (1) An {sctherm dased
on Henry's Law and corresponding to a film behevinz llke an
1deal twoedimensional gasy (11) the Freundlich §sotherms



(£41) the Langeulr Seothermy (iv) the Velssr isothermp {v) an
cxtonded Volmer Lsothersy {vi) amacat's equantion and (vil) a
"squere root" Lootherss _

Parsons ferived thernodynanisal expressions for the
surfece axcods ab ecpetant surface cnarge and thess eguastions
wvere integrated to obtalin the effestive surfasco presairs of
& specifieally adsorbed lonlc filme Direct comparison of
the effective prasoure of sp iodids $ilm on mereury with the
predictions of the ssven isotherms ahowed thet Stern's use of
s Langmulr model 1s insorrect for suel systemss Caly two of
the 1sotherns, pamely (vi) and {vil) lead te agrecuest with
expax'mt. Parsons! e¢onclusions are ot eurprisling einse &
Lengmir fcothern ean glve, only 1% Some oaBedy & 500l sesle
quantitetive representation of the pend adecration behavicury
in many other cases $t 3 inacourats owing to the neslect
of the intergotions betwaen sizilarly charged lona In the
supface layers From a physicel viewpslnt it L& eleo casy
to pee that 1t 15 unlikely that thore ere locslised sitos oo
@ liquic metal surfacos Allowance for first erder seplonblie
{nteractions in the adsopption of oppanic eations at the
mercugy elestrcie has boen shoun to give pood agpeenents with
experiment for the variction of A 53“ over & range of
surface covepage from O bo 0.3.31 This catter 16 investiguted
further in the new: experimentsl work reported in this thesise
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(e) "The Esin and lapkoy effacte!

Rewriting equation (34) for the case of spesific
adgorption gives

A.G-fd‘ . AG:“ + 86 (ﬁl - 58) {35)

Stern wrote tho basic electrostatie equaticn fop the double
layer in the form

Ky By=fy) = qp ¢ 95, = =y (36)
where KH-:. 18 the intogral capeeity of the replon 0 < x ¢ %
and s defined by this equations At the elestrocapillary
saximun ¢y = 0, S0 that

P2 ®~%up R O

g, « #y = 0 (38)

Equation {38) arises from an assusption that R, , cannot be
geroe If (38) were correct, tho difference in tho potential
of the 0e0eBs 40 the prossnce of speeific adaorption (Egsg‘“')
from that in the absence of Specifie adtorption (Eg'“”') would
be a messure of ‘1 « #4 in tho former case, since 51 A

zust de 2ero in the lattery lo0e

E::!:-m. - E:.e.m. ® ”1"59 {39)

Esta and Maskov showed that
4 - 5‘)““"" e constent + ﬁ 1n oy {40)
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vhere n; 48 the bulk contentration of a specifically adsorbed
monovelent snlon, and that ;‘G 2 « ke

Therefore,

8(& o f,)
8
o k7 i
0 18 ng ) / (k)
Tanerimentally it is8 found that for salts with specifically
adoorbed anions

DUEGS™ o B3*S*™)/ O tnmg Lowfe WD

Equation {39) s hence invalid, and this is due to the neglest
of {4) the diserete reture of the lonle chargesy (11} the
dipolar double layer due to water orientation; and (i11) eny
potential difference srising fron electron overlap at the
metallic surfaces

Fain anc Haprkov pointed out that & plot of the
gPe0efe oonsuped with rocpect to o constant reference potential
was 2 linesr funstion of the logarithm of the concentration
for several electrolytes, The fact that the slope of this
1ine was in excess of k7/e proved tc be in direct conflict
with Stern's forsulation of the double layer theorye
t;z-azmm32 sugcested that thia be cslled the "Fsin and Hapkov
£efeot” although these workers eredited the idea to Frumkin,

e effest &lmly moans that in the Stern theoly,
the forees of lutmction betuoen the adsorved ione parallel

to the interface are neglocteds Then, as a pesult of the
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mtual repulsion of sueh lons, they tend to arpenge thenoslved

in an hexzagonal httice”'m. much dleterted by thormal

azltetion. The work required to move &n 4on into sueh &

lattice 18 much les: than that caleuleted for an imeobile

saeared out sharge of the jane total magnltude, because

the fons already make room for the incoming lon by separating

and thus keeping at a distance from the incoming fons Zsin
| end smm" preaented 8 mathenatical gormulation of the

potential drop in the inner Helaholiz layer in teras of the ,

dia?rgta natupe of the chapes 1o the speeifically adaorbed ‘

layers Unfortunately thelr thoory of diseroteness of oharse

overeexplained the exporimental pesulls ohtatned, thet is ts

say, it predicted a larger anonaly than thet observeds |
'I»fz'shler”, houever, reviseé the theory by eonsidering an |

nexagonally aryanzed lat:iee of adsorbed zo#s and sbtalned

razuita in better agreement with experizent,

Raoently ?aracna-% raesxsmined the Esin and Harkov

offect frox a geperal thermodyoemie gtandpoint, Hie results

confirm the comclusion reached by Ealn and Harkov that the

Stern theory 43 unsble to agcount for the ezperinental resuliss

Patn end Hapkov ascrived the discrepaney to Stern's ﬁeg,lect

of the éiscreto nature of the spoel fically adscroad charse,

In contrast to this, Parecns attributed it to the uge of

an ineorrect form of the adsorption isothern, He showed

that instead of the Langmir model, two lzctnorms {1) ons based on




tho Azaget equation of Btato and (13) one sppromimating to
$he Tenkin :mtmm”ﬁs uese botter in accord with the
experimental pesults. In fact the latler Locthera gave
eommiat better agreemant with ezperiment than the formels

The @lscreteness of charge effost hes boen peeinvestigated
theoretieally by Lewine>? who iuterpretod the effect in

teres of the "selfeatmosphere” enewsy U of the adsorbed |
anlon, uhere U can be shown to be spproatmately proportional o
to ths surfass concentration of these ionss Although the ‘
epproach is novel, Lovine's results are abstentially the |
samo as those arrived at Wy eme.”

Foruulation of

_ The formlation of kinetie equations for
cleotrochenical peastions differs from that for ordinazy
homogeneous op hetorogencousd reactions in the fellowing waysy

{a) Rates can be measured and expressed in Serms of curpat i
ghich {6 direetly proportional to the cotual peaction veloclty
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v axpressed, fof exneplc, &3 goles of sroduct fomed por
second per square geotimotre of steotoods gupface; thue

{ w gFv¥ {53

42 2 Papsdays ere involved in the production of one mle of |
procuct per seecné per square centinetye 10, Qezep thC -
fopvard direction of the Peaction, |

(b} The rate $s pot a unigue function of concentretion of
rmmﬁn. temperature; Surface copditions ate. but 18
dependent upon the oleotrio potentlal dlfferendc corees the |
{ntepface at which the tranafer of ch'arge oocurss Singe |
the resetants are ehavged and the final products ueually
unchapged or dipolar, there cst te a vaplation of electioe
chemteal potentisl of the Initlsl atate of the reastion (ione
{n solution at the interface, clestrons in the motal) with
the absolute electrical astelesolution potential difference

A # at the intopfaco, This couses & variation of the

standard elestsosheniss) free eaency of activation A
wth A § s exprossed betows!? Genersily, for a

gocloetoon chappe transfed procosdy
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AP Aa“éf 3/3(Aﬁ- Lye )

wrore A ge & s A V) ta the potentiel differenco
botween the mefel and the layer of adsorbed ons shout to
underzo reaction, Z the potential of this laysp with
respest to tast of the bulk of the solution ond (O s
factor {usually eas 0.5) determined by the sysetry of tbe
potentiel enercy varrier for the elegtroshestesd chapges
tpansfer peaction ant imdicates spprozimetely that fraction
of /\ ¥ through shlch chapge must be transferred to peach
the transttion tate from the initis) state of the resstions
A e #!.a (e value of the froe ecerzy of activation when
AV = 0

(c) The activity of Pesctant lons st the interfuce mist be
expressed in terms of the sobivlty 1n the tulkd s ts
snalogous to the case of heterogenecus poastions where the
bulk snd surface ccnsentrations mast be related through

oo 6 Langmulr oy Temkin isothers, the conditions of
pressure of comcontration then determining in pars the
inetic order of the reactione Ususlly we gsn writs for iond

SR Y Y Ve a2 VL6 st
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J» o0 cloctrostatioc Lavtherm of the fora

(2 9) sangace ® X(8g)yy ¢ C o (49
shere & &d F 10 the difference of olectrestatic froe energy
of ‘tho lome 58 the M1k and in the aderbed Lsyer ab the
surfoce, x 45 the thiocimeas of the adsorbed uwez? and
ncma.’.isoo the dirrmq of units used for expressing the
surface and tho bulic astivitios,

In the cass of speeifically adsorbed lons, for
uhich (a:)wm#— taj’mk when C e 0, othep

Pchezical® frev energy fastors cnter into the determination
of the electrochonicel fres encrzy of adsorption but there
is no sdvantage, 10 prineiple, in distinzulihing between
the chemisal and elestrostatic feotors in adsorption of
the 1082 nor 15 such & ¢istinction possible ‘exmt at the
aCefle of the motels |

d
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{8} The terms in equations (43}, {4k} aod {45} ==y be
combined to give thoe basio kinetic equation for the current &

a8 |
to B2 Utag e (100 exg[ - (4T sR4gCel/sr) () |
wiers o 1o the fraction of tho metal surface covered with ’
produéts of the ionic dlsscharge and other terme not previously
dofined have - thelr ususl significascactH> It w1l be

aoted that 1 45 deteralped by © and /\ ¥ in addltion to ‘the
factors noteds The latter teps is mot, &n principle, deterninabdle

ginee it refers to an sbaolute esingle potentisl difference
vctween two phases, In certain cuses 8 cen be estiznsted fron
calvanostutic duce charging or dlacharsing cusvesi’s in 1intting
cases it may tend to sero or unity.

 The problea of the inaccosaidility of A gis ususlly
avolded by expressing equatiéa {46) in terms of the overpsteatlal
" where QﬂlAﬂ- A g, %)
and A ‘r 13 that value of A § at the interface vhen the
reaction cocurring there io in thormodynamic equilibricm. The

rate ¢an then be written as :
i = { SF? ¢ e .BF?._A%/R?JJ hj"bulk (18)

» e m-.] -ro L y - §°f R’? {48 ;
exp[zC?(l.ﬂ)IRs’ij ffm!.“zlﬁijm 4 / W;,
Tor a given metal and temperzturc, the terms ingide the eurly ‘
braciet are 2 consﬁam Kbut A ¢z= s strletly 8811l unimouns
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The cxrrant & (or 1, when “l 20} ean, however, bve easily
mensured and 45 en expepchtisl funetion (the RLY equation)
of ”Z a6 indloated by equation (48).

(1) Experiments) Studles of the Iffests of Adsorption
on the Xinetivs of VYarious Fleetpode Reactions

In order to keep this Satroductory review to s
zanageable alze, only & reprosentative cholee of the many
napers in this field will be discuased. Generally, the restits
of the expsrimental astudies of pR arnd salt effects on hydrogdn
overpotential ere in 'm.r agreeneat with theory, and the best
sgreanent $4 shown for metals exhibiting hich hydrogen overe
notential, Accurate data on the pH and salt effects in the
hydrogen evolution reaction at merenty electrodes lave been
reportad.’“"m On mereury and lesd, the hydrogen overpotential
18 independent of pH up to solutions of about 0.1 Ny but at
higher concentPetiona some decrense in overpotentisl oscurs,

For metale of low overnotential, e.ge Dickel,
platinum. .and afdver [ﬁhm: the potential ef the zero point
{cfs ceCofis Of Hg) 19 moarer the reveraible hydrogen potential
than in the case of meroury or lead |, the dependence on
conoentration begins at about 0,001 H, overpstenilel deereasing
with inerease of csmeentration, Selts decrease the hydrogen
evolution rate at o glven overpotenticl in dilute solutions
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of constant pi, and :l.uouaﬁa the dependence upen pi, thus
indicating that offests on the structurs of the diffuse
dsudle laye: sro 8%4ll of &mportanse,

Hueh of the disorepancy bebwesn thoory and emperiment
at {ntermediate ané nizher electrolyte concentrations obsepved
in earlier experimsnts csn be eliminated when calculations
are sade using an accnrate'eolut!on of the Stern equatioa.ga
Other digserepanoles arise from tho Begleet of the zpeeiflo
adsorption of anlons and possibly of catlons at the transltlen
netals.

The veriation of hydrogen svsrpotential at constant
carrent density with changes of the congestration of ' in
solution gives direet inforastion comeerning the quedtion of
whether hydrogen lons take rpart disestly in the rateedeteralning
process or not, and slss related matters songerned with the
structure of the dsuble layers Variation of the mncintzatian
of neutral salts affects the relation batween the gonecentratlon
of hydrogen ons in the tulk of the slution and that et the
cathodeesolution interfase, ané conssquently addition of
neutral salts can affect the velooity of the dissharge Peactions
Processes involving adsorded R atoms will not be discussed here
einee the adove has deen presented in order to illustrate the
{mnortance and value of the study of effects concerned with
the strusturo of the doudble leyer and tho adsorption of reacting

ione,
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Heasurements of the differentiel capacity [q.v.
section G (4v) ] of the electrical double leyer heve been
found usefu’, 1n the elucidation of the kinetics of-sdsorstion
and desorption, perticularly at the mercuryeSolution interface.
Botable contributions include work by Frunidn and ?'!euuoﬁaikssyanﬂ’ﬁ
on inference of adsorption kinetics froaz the {reguency dependence
in a.ce measurements of the double layer capacitances Frumikis
and HellkeCalkazyan showed that the sdsorption of noraal
-aliphatic elechols on meprcury 1s elways rapid compared with thelr
alfruzion to the electrode surfaces Cenerslly little work has
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been done on tha kinetiesof adsorpiicn of crpenie eaterdele
on eleetrodes, but 1t ia known that the process ie diffusion

contrelled for allphatic aleohols at aercuq.s
The :deperidencés of the kineties of electrode processes o

® the structure of tae interfacisl double layer 1o especially

pronounced in the ease of electro-_réduetion of anions on &

aegativoly charged surfocee Thls has been gtressed in a pecent

paper by Prumidn and his ca-vorkera,&" ykich contalns an

excellent summary of Russian contributionsto this fleld of

gtudge The rate of the eleotrode process gepends on the

fnteraction detueen the charze of the anicn with the chorges

of the matal surface, onc on its intersction with the charge

of o nelghbouring cation, wnleh "2ot1litates 1ts spproach to the

nezatively ohapged surfaces Frumkin ezlls this eflect the

formation of “eationie bridges”s
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Franidn ané &234ah% found that the rate of the

»ersulphate eleetroereduction on positivoly charged“ zercury
s surfacesdotreases in the presence of anlonle surfacs active

8gontds For cxamples wnen potsssium bremide 15 used, the
bronide Lons are preferestially adsosbed, wnd thia deereasvs
the murface coucentration of 50,2 fonse Eellsh ené Frumkin |
eleo reported that with o negatively cherped mereury surface,
the order of the effectiveness of halopges Lons 18 roversed,
and the current strength at 2 glvep potentisl then inoreases
in the order 01" £ &° < I° 7The small adsorption of
anfons which occurs on & hejutively charged supface exsrts
an influence on the kingtice of the process opposite to thet
observod in the cass of the atrong adsorption on a positively
charged surfaces 2 further pesult is that the scceleration of i
the 505° electrompeduction by Lodide tens 1a found to depend
on the nature sf the cations, increasing in the order M o >

ca’

An intercoting example of the influence of adsorbed: .
substances on the kinetics of an elestrode process hae been
renorted by Pruzkin ené his co;uorkerasﬁ uko followed the
edsorption of hexyl aleohol at mepeury by means of both elsgtroe ‘

capillary measurements and double layer copacity measurementss 1

e e vt e e et iAo
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% %400 09 the snodie branch of the electroenpillary curves 1
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Zafel polarisation lines [1.0. plote of esmefs (Egy) versue
log eurrent density (1)] for hydrogen evolution were also
gotormined $n tho same solutions, With hexyl alechol; Frumkin
showed that although toe Tafel relatlonship (7] = a < b log i)
8t111 holds in the presence of the adsorved layer, voth constants
tat and *b? are affecteds The observed incrsuse of hydroged
overvoltage vaniehas as would be expodted at the potentlal of
«0¢8 vo where the capacity and eloetmcap!llsr} éata indicate
desorption of the additive {sce Figure III (s) page 42 cfe
olots marked 3 and 4)s In the case of hydroges evolution on
gereury from hydrochloric aeid sclutions in the presence of
fatty acids, the influence of adsorved lay&s 18 linited to
an increase of the constant 'a'.m which means that the
mechanism of the prcgess remains essentially the same in the
presence of the organie substance a8 in its absence but that its
rate 13 diminished.

The setarding action of potassium ciloride and

bariun chloride on tbe/i;%;oggin evolution at a mercury elegtrode
from & dilute aolution-or hydrochlerie acld has been explained
by Frozkin® es cue to the shift of the fy potential (lees tho
potential at the distance of closest spproach to the electrode
supface) towards less nerative velues, Furthormore, organic
cations, 1ike “‘“&"9’5' anifs the i, potentiol towands positive
values, and strongly inhibit the dlscharge of Zaa’ or Cda’ at

2ine/emalgam and C6/azalgam eleotrodess It also inbibits the




Ffigure 1L,

{a)

{b)

}

1 and 2 represent olestrocapillary curves for the
base aolutlon: and the solution sontaintng hezyl ¥
alochols Cuvves 3 and [ ahow the 'i‘am. polariaasion ’
1ines before and after, respectively, adéition of
heﬁyl aleohols Curve § shows the behaviour of the
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doudble layer capacitys

Sehematic balanced elrcult representing the system
used for deriving the thermocynamic eguations in
the theory of elsotrocapilleritys
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discharce of 1* on gereury and lead ele«otmdas,sa but accelepabos
the éischarre of persulphate an:enagn The effect on the eathodic
resetion arlses presumably beeause of repulsion of the reacting
cations sut of the double layer owlty to excess positive charre
arising from the specifically adsorbed catlonse Iirecet
svidence fopr thie type of elf2ct with regaxd to " lons and
methy) pyridinfum fons 15 civen in subsequent sections of this
thesd 8¢

Adsorption of a mixture of two substances hasd an
interesting effect wian the moprs strongly adzopbed substance
(gelatin) 15 less effective than the other subatance {camphor)
in making the eleotrode psaction more peversidle [cdzf/Cd(Hg{],
Thus Sagaynova and Stronherg61 ghowed in these competitive
adsorption experiments thet the eddition of gelatin to a sclution
of Cd2° fono contalninz cozphiop deercases fhe overvoltage because
of displacsment of the camphor by gelatin. The exchange current
{defined as the current density pertalning to either direction
of the overall elsoctrode reaction et reveraible equilibrlum) is
thepeby ralsed, Direct electrocapillary studies of competitlve
adsorption was first made by Butler and Oekventéz

The effect of adsorption of certaln alkalolds and
amines on hydropen overvoltage 1s pecullar ln that the overe
wltaze may be incrsased or decyeased, Tuo competitive effects

are $nvolved:{1) imorease in overvoltaze becauss of adsorption
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of the alisloid ané {2) decrcass 4n overveliage beeause the
alkalnic is a betier proton donoy than 2130". A dotailed
anelysis of thess effects st the stationary I eleetrode was
made by Comuay, Jockris and Lovmaak& using quinine, narcotine
an¢ morphine; tho effests of those substances on e inetics
of tao hydrocen evolution reaction et mercury wers examined
and related directly so the adsorption of fho compounds
deterzined by electrocspillary measurentntss The more ropid s
proton transfer from the slkalol: ions tham irom 330’ arizes |

o rars

besause the hout of activetion for proton trensfer fron
nitrozen 43 less than fysi oxygen in 330*. and 812 because
@@ the chasnge of the potentisl in the Heleholtz layer, due to
the vdsorption of the sikalefd cation, xodlflies the rate of
proton trapsfar st a given electrode potentials Imhibiting

aifa0ta arlse at high ourrent densities when the prolon trassfor
rate frox 830’ ex0scds that fron the adsorved organic lons
whieh begoze meutralised and then bloek the mpfases Studles
of adsorption of epecies lavolved in eloctrode poactions such
a3 this ere thus necessary for o complete underatanding of the
kinetics lnvelvods

Finally, studies of the effsct of speoifie adsorpiion
of jodide lons on hydrozen overvoltage by &Iotyme‘ lead: to
some lnteresting new facts in the relaticnship betﬁeeé adscrption
and clootzocs kimeticse. Solotyrkin examined the adsorpiion of
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iodide ions on silver snd lead electrodes ualng labelled "’1131..
ils resulte show that the adsorption of Lodide lons on leed
can bring about both an ioeresse {surface coverage @ >157) as
well 25 o deereass in hydrogen overvoltage {8 < 15%), Inm
this way, lead occuples an intermediate position between
silver and mercurye It hed been shown by Jofa®? tnat the
adsorption of 1o0dide mﬁa on meroury leads only $o a decrease
in hydrogen ovevolteses #Hith silver, the dependssce of
hydrogen overvoltage on adsorption of fodide ions is opposite
to that demonstrated for mercury. Xolotyrkin suggested that
the difference in the behaviour of these matols arises from
the fact that the process of hydrogen ovolu%iog can be
iofiuenced oy the spocifically adeorbed anions in two different
wayes Flratly, the spesific adeorption of anions can bring
about a change 1o tho olestrical properties of the metale
c0lution boundary, particularly with regard to the distribdution
of the potential which can csuse {a) an increase in the
surface concentration of the reacting loms, and {b) chenges

in that part of the total potential difference upon which the
energy of activation of thae electrode reacticn dependss 7The
net result is thus a desresse in the hydrogen overvollago.
Secondly, the specific adsorption of todlde lons wes regarded
as leasding to a change in the catalytic propertiss of the
elestrode surface and eg;selally to a lessening of the energy
of the metalshydrogen bond which causes a decrease of rate of




the reaetion and & corresponding inerease of overvollaze,

The experimentally observed chenges in hydropen overvoliage
arise from the net effect of the two factors menticaed above,
Those results lend welght to the view expressed elsgwhere

(seo Appendiz) that the effects of additives on electrode
reections eannot be genevslised and the effscts observed will
depond usually on the indivicual chemlesl propertles of tha
additive and the properties of the electrode metol such as

ito potential of zero charge, &nd ite electrorde and adwrgti#o

propertiess

D, THERMODYNAMIC THEORIES OF ELECTROCAPILLAXITY

(1) Defimitions

The significsnce of the ters ®alectrocaptllarity®
15 not conmonly well understoods It may be defined &s the atudy
of ™dsal® polarised electrodes. and of electrodes which can
behave almost 1ike ideal polarised electrodess The idesl
polarised elestrode 13 oharssterised by the exiztence of &an
eleotrostatic rather than an electrochesioal oquilibrium detuween
the metal and the electrolyte phasos This equilibriva 18
anslogous to thst in a charged parallel plate condensere
Behaviour epprosimating to that of an ideal polarisced electrode
is observed énly with high overvoltage metals. The ieportanes
of phenomens at such el::irodes pests upon the fact that they
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the resction and o corresponding increase of overvoliaze

The experimentally observed changes in hydrogen overvolisge
arise fron the net effect of the two factors mentloned sbove,
These pesults lend weilght to the view expresssd elsewhere

(sec Appendiz) that the effests of additives on electrode
reactions cannot be generciised and the effssts cbserved will
depond usually on the indivicusl chexiesl properties of tha
adaitive and the properties of the electyode metsl such as

1t potentisl of zero charge, anc 13 electrontc end adeorptive
propertless

D, THERMODYNAMIC TREORIES OF ELECTROCAPILLARITY

M“

(1) Defimittons

The slgnificance of the term “electrocspillarity”
15 not commonly well undepstoods It may be defined 8o the study
‘of ™deal® polarised elestrodes. and of electrodes which can
behave almost 1ike ideal polarised electrodess The ideal
polarised electrods 1 characterised by the extstence of an
eleotrostatic rather than an electrochemical equilibrium between
the metal and the electrolyte phaso, This equilibrium is
analogous to thst in a charged parallel plste condensede
Behaviour epproximsting to that of an ideal polarised elsctrods
ic observed énzy with high overvoltage metals. The lsportance ‘
of phenozens et sush el-:lrodes posts vpen the faet that thgy
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can be treated ty axact thermodynaxmic Beanss)? 6 Txnerimentally
vhe Ldesl polapised eleetruds 13 one which behaves llke an
cleetrical condenser without leskazes Iis capeclity erices

erons tho fact %hat charges nay approach or recede f{rom 1%,

vut they do uot erosa ite This definitien 1s, however, too
stplet ever to be fully realised in the laboratory but close
approxinztions to it are possible, awd what 23 gore lmportunt,
the doviations which are unsveidable have neglizidle etfect”.

A practiesl ideal polarised aleotrode must have a very low
oxehsnze ourrent and ap high Tafel *bY value {loce cite), and
operating conditions must te such that the potential of the
olectrode 13 kept sufficiently -low thst the rate of any
olr=ipode process occurring must be dnll, Sefe less than 10*3 amp

pey aqtiare centinetro.

(43) Eleetrocspillary Stucies
Metslesolution interfaces lend themselves to the
exact study of the double layer vetisr ghan other types of
taterfuce besause of the posslvility of varying the potential
dlfference betwesn the phases without varging the composition
of the solution., Hercury i8 preeeninently sultable for‘ elociros
capiilary studies as its surface toension 1s peadily measurables

1t 15 aloo aistinsuished by its low chenieal reactivity and its

et paze Sl
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hich hydvogen overvoltage, The latter characteristic melkes 1
posslble o uwork st potentialswunich would otherwise to
objectionable beszuse of a rapid evolution of hypdrozen from the

reduction of conponents of the solutlon,

(181) Electrocapillery Curves

The surface tension of morcury 1s stronsly dependens
on the electrode potentlal and henee the charge in the
electrical double layer at its interface with an elastrolyte,
This means that 1€ a niercury electrode 15 volarised by applying
an celefe to an elactrolyte cell of wiieh it forms purt, the
sirength of the polarisatior ® influenees the surface tension s .
The nature of thlis correlation hetwees X and 2}/ was £irst
observed by M.ppmnn.e?"ss

The surface tenelon of a liquid 15 a measure of the
enerzy required per squars centimetre {or the force per
cettimetre) to malntaln the aqmere centimetre in oquilibrium
with the reaidusl attractive interaction potentislsef atoms op
wlecules in L% surfece, If, as with meroury {n an electrolyte,
the metal surface carries with it an elestricel doudle layer,
the llke charges comprising each side of the double layer vepel
one snother, ereatinz & forse ino opposition to the residual
attractive forces mentionsd atove, It 18 to be espected
therefore that the surface tenslon will be lowered by increasing
the charge density (ané ccnesquently the sleotrode potentisl)
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at & mereury aurfoces This lowering will take place whetiep
mercusy carries o posltive or megative charge, and 1f adsorbed
fons of different slme aould be esnsidered to aet only clectyroe
statically witbout emy specifie chemionl action themselves, we
should expest the relationship between elestrode potential end
surface tenslon to Do symustricel about the maxiouam of the
latters If we plot the asurfece tension a6 ordinmste ard the
potentials applied to the mercury as absclseas, the eurve ig i
called an olesirocapillary curve. The usual form of this *
ourve approxicates to that of a parabole with 168 vertex |

cpperaoste

At the saximis of the curve where d ) /CF = 0, the
supface charge 'qﬁ' = 0 as shown below, and the potential
difference aricing fron exoesa lon and elestron charge in
the double layer is lems’* thua;

%L‘ L g ® ¢ at the 0eCeBe {49)

he quantity qy ¥as dentified by Heluholts as numerieslly
equal %o the charge on each side of the doudle layer and tne
vertex of the curve 18 known es the electrocapillary meximum,
dupfuce ective anlonaég usually depress the left brapech

® 7his does not ieply that the total potentlal difference at
the interface is zero when g, = 0o This 15 not, in fact, to be
expectofl aince residusl potefitial difleroncss at the interface
will exind dus t¢ dipole orientstion and electron overlap or
asymmetry &t the boundary of the amstel.
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{positive uith regpeot to the 0,CeRs) OF $he cubve, and surface
active caticmam cepress the pightehand branch of the curve
(Lece mogative with pospeot to the CeCesle Aanionc are
increasinpgly adsorbed 28 the mepoudy docomes RoPe positlve, and
cations a5 the mereury becomes more negative. The adsorption =
of aliphstic neutral crranic molectles erestss a truneation
of the electrocapiliary cupves This is cncsed by thelr
preferential adsorption in the Peglon of the el.t.ime, and the
extent of thelr adsorption is diminlshed by both positive ond

negative polér&aat&on. #ore complox effscts ovcur with arcmsiie
ané conjugated heterocyclic molecules ané forz the basis of studiea a(
reported later in tals thesis, , i

(8v) ZThermodynmamie Thoory: Ionie components of charge in
the doublo layers :

signifieanso of chapzed conmponentst The metelile
phase 18 regarded formally as Lelng composed of two charged
componentss electrons and metsllie fonge The splutlon phase
15 consldeped to be couposed of peutrsl solvent moleoules and
of lons of whatever sort - - BAY be present, Thede Lons are
the eharged components of the solution phases It 15 possitle
by thermocynamic means to sscertein not cnly the charze on
a mercury surface in contact with an elccirochemically irert
cloetrolyte but also the compoments of eharge in the solutlion

side of the doudle lsyere These componcnts, called /" , and [ .
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are the surfece ezcea&ean of catlons and anions, respectlvely,
in unlt area of the double layere The aetun} valuee of [7 .
and [ _ dcpend on the eholee of a boundary to reprosent the

surfeoes I3 ic convenlent and usual to fefine the interfoelsl

" LT
nlane guch Yhat /—7 eolvent ©

the sslected boundary wery close to the &nterface and glves

0, This arbitrapy cholee: pubs

rise to values of ﬂ o and /”' waich have glmnle and preclise
thepmodynanic zeaning,

e therradynanic equations for the ldeal polarised
&lectmé.a uéay be derl7ed by reference to Plgure III (b} |
(page Liif where X 18 the setallic phass of the ideal polarised
elestrode in oontact with the solution 2 o The reference
elcotrods contains eleetrolyte ﬂ s hence there 13 no liquic
junctlon potentials | I }yn. y/“m t/ﬂp are the Volta
or contaet potentiels ol the geveral phases, Followin:
Grahm,m we zay then write for the clreult [:-Flguz-e Iz (b)j
in balance

5 el . y‘au;‘wﬂ- %dnzy}“-;&ﬂ)ue (0)

® Aa alternative apgigg of defining the | terms has. been
given by Guggenhelnm by eapressing the surface excess of
components a8 the conseniraiions ped Square gentimctre in 8
sirface phase of finite but small thickness e.ze equel to
the tnloknsss of ths sdsorbed soleculos. This method, which
e more elegant than that adopted by other worikers, leads to
the seme thormodvnmmic resultse [cfs Adanil ]
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ere the surface ezce%e&?l of catlons and aniong, reapestively,
$5 cnlt ares of the doudle layere The cetunl values of [/’ .
and [7 _ dspend on the cholee of a boundary to reprosent the

surfeces It 4is convenlent and usual to fefine the interfnelsl

- @
plane sush that F eolvent © 0. 7This arbitrapry cholee puts
the selected boundary very close to the interface and plves

rise to values of [ . and /7, walch have slweple and precias
thepmedynamic neunlitge

The thermodynamlic equations for the ldesd polardoed
eleﬁtreée !my e derived by reference to Figure III (b) |
{page Lit where X is ine metallic phase of the ideal polarised
electrode in contaet with the solution ﬂ o The preference
oleotrode contains cleotrolyte ﬂ o henge there is no liquié
junction potentiale | I. }Un. }Udnnd tpﬁ are the Volta
or contact potentiels of ths gaveral phases, Following
(:-x'aham.}'9 we may then write for the oircult [-P'igure 11z (b)j

1nba;anee ,,
et ®" e phecple PhepTaphieo

@ As alternative m%: of defining the [7 verns hes. Deen
ziven by Guggenhelm by esoressing the surface excess of
coxponents as the concenirations per squdre centiastre in a
surface phase of finite but small thicknods Gede sgusl to
the thieknzos of ths sdsorbed moleculoss This method, whleh
1z mere olegant Snsn that adopted by other yoriers, leads to
the ssme thormodypmatc resultse [efe Adanmib ]
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t $5 the reuding on the potentionmcter acd iz eguel io
B I - .
{ y/ ° Sb Yo In clooivocaniliary uwock ¥ 4o citen negutive,
X
1o kep. conetart in coxpooition sc thal {&U - éﬂ X} is

consionts Therslors ¥
F Lo 11 ,

é ( W - W )B ois o & (%/‘L“O %//3) (51’ ‘
Intsocuelng the well known Gibu's adsomption equetion’™® 7 in 3

the following form for consbant temporature and pressure
1
o w - Y-— //' '
¢} b/ L it d /‘4£

Here d/','«"; 15 the change in gleotpachemics) potential at
constant temerature and prossurs of ¢ cemponent 4 and ¢ b/ is
the corresponding change in surfsoe tensions [ ¢ represcnts
the excess of & in moles per unit ares of interface over that
which would ze prosent 1f cach ph&ac} were of characterist!

unifora cosposition up to a plane drawn parallel to, but not

neceasarily colacident with the metuel interface, Py writing
electrocnenical potentials in Sorms of shemlcel potentials im ]
equation (52) we can obtain the basic equation applicetle %o
any $deal polarised electroce st comsiant temperatures It may
be noted that an alternctive derlvatlon not luvolvins elsotiroe
chemical potentiszle has teen civen by ?arsons,76 but the same
Pe8ults CnERe.
The foveulation of tac basic equztion veins {52)

is a8 follows:
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s =g ety Y L Lo (53)

uhore /w g Depresents the ghexten) notential or partial molar
feor enerzy & qy 45 the pot caarge &b the metel surface,

Prom equation (53) we can write

af @ egeaeq ety >/;.2r7 a/u (sh)

where /”1 7% pow dncludes cozponents of the pode
gotsllle phasds

i4poe we are conaidering the compoaition of the
matallle phase to resaip ccnstant, the chemical potentisls of
the components of the phaas ars unchanged and d/“& = { for eath
of cuch componentse Jaxt, we consider the sxprossion for g,
whleh 3 the total charge smuel and opposite to that of the
tons in the solution aide o;‘r the doutle layer (g s Thus
3

, = 'FZ{F"%

nte susmation 48 lluited to the fons of the nonepietalile

{55}

phase; F 16 the Faraday. anc 2, is tho valeoee of § including
8.‘.:{3.

We may pow conaider the application of eauation (&)

to tne ldeal polarised eleotrode at constant metal and solution
cozposition {and this 18 dosignated by the subsepipt /‘4 ).

vaen term in the summation 1o zero, and 20 aloo is ¢ { SL/

W/ax

sines the interfaco {1f - //~2 ) 15 that st the reference clectrode.
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Thevalone Wwe errive ot
a¥
W = of , !%)

unieh is She Lippmann equation. It indicates that the glops
of the eloemcapillsry cupve {8 equal to the negative of the
electric charge density on the surfase of the mstallie phase.

I
The application of GSbb¥s equation to the problems of
clectrocapillarity has been subjest to much Giepute ip the older
11terature, The d1fflculty has besn partly associated with a

rallurs to undepatand the properties of the idea) polarized
electrode, which has besn fraguently confused with nonspolarisable
(peversible) electrodes, normally the aubject of elsotrochemical
thepmodynenies, Grabamm has elacussed in datell the poszible
noneegquilibrius faoctors involved in the use of mercury 58 a
practical idasl polarissd eleotrodes !He ghowed that, except

for hydpocen, only negligible quantitiea of resction products

may be obtalned at equilibrium wnen mercury 15 polarized by
anplyin: an esmefe to an electrolyie scll of which it forme a
sart, If the pressare of hydrc °n reguired for equilibrivm

$3 apnreeiable then it may be anntended thas cheppe would move
from the mepeury surface to the solutlon ip the course of
butlding op this equilibrium eoncentrations Uader Lhis eondition,
the mepcury eleetyods would not meet the pequirenents of an idesl
polarised electrode as previcualy cefinnd, Howevery fronm a
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practical point of view, the hish hydrozen overvoltape a2t
pepeury causes the attatnment of completo eguilibriun to be
very slow compupred with the rate of attalnz:nt of lonle
{olectrostatie) oquilivriun within the doubtlc layer (ususlly a
metter of 20118scconds or even a=leroseconds)e In all such
cates the alov petction ssy be icnoveds Therefore we are
justified in,éonsidm‘in‘g; that the zeprcury electroce isa
oractioal ideal polariesd olectrodes

4 fopthop Alfficulty has arioces because of the fact
thet polarised sleetrodes are seldom actcally exactly at
eqmilidriun, although this 1s a purely practical matier and
influences the experizentel rsaults almost negligibly. The
early treatzents of this problem are characterised by an
unnecossarily obsgure point of view. iypleal treatzents are
those of Pmmkin." smmw"'a ané Eutlers!? These authors
have diseussed the slestrocapillary curves &g thouzh the
relevant adsorption of speclies on the water alde was confined
to that of mercurous lons, althoush thelr equilibriuz concentration
mist be vanishingly szall in mormal potassiua chloride solutionse
Ebenigao pointed out that eleoctrccapillary curves are more often
thar not obtalped when no mepcurous ions are present in the
solutions indesd the condition for suscessful messurezents is

that thepe shoulé be mo lons comson to both phasese
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in the eaplisr llterature the atatement Lo enecuntered
thet the polarisation of the surface 18 zeb up by the tronce
ference of mcpecrous lons fren the metal o the watere ThiS
deco not geen $o Lo correct because the double layer can de
built un by the sttraction or adeorption of any lone {or indsed |
evan dipolar neutral molecules) thet happen to te present in
solutione The charge on the metal hus been reprozented by an
excess or cdeficlency of elestrons on the metsl side of the
interface ana the potentlal difference tetlwesn the phases has
vron attpibuted to the differences of concentration of the
pereurous ions. Tais $o only corpsct under certaln conditions
and diseussions of the adsorpiien of mereupous ions from the
solution phaze are generally unpecsssary, though they nsy
foraally lead to the correct resulb s for tho charge on the

surface [o.g. sse reference (?9)_] . .
foenig made two rathep improbable assumtions in
his depivation of equations for electrocaplllarity: {a)

ecullidrive does not subsist at the interface and (b} thers
exists at the interface a barpler impermeabdle $o charged
penticles, In epite of these assumptions, his theory led to ,‘
satisfactory resultss This is not $negnsistent because t
Crahage and ’»u.menaym have shown that/ %.; unneesssary to retalp
elther of Zoenigte sssumpiions. mz;ged narticles £l to

eross the interface, not because of & lack of any tharmoe

éynandc tendenoy %e do &0 but rethor on account of the hich
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sctivetion energy for thelr transfer, so that the double layer
rexaing virtually unddsturded,

{vi) Effact of Yarvinm- the Cowposition of the Flectrolyte

Here we note that the reference electrode must bLe
chosen epproprintely so that the potentisl difference
!‘70 i, % Fdoea pot ineclude any 1iquid juncticn potentials,
There are two poasible types of elestrodes which may be
considered, those walch are singly reversidle to one of the
antons {J”) and those which are reversible to oze of the cations

(J‘). The observed oemefs © 28 peed on the potentiometer will
be 2" snd Ey'y remectivelys If the Peferenso alectrode 18
reveraiole to one of the anions thea,

e o e -Zf',a/,-w%ﬂ’-%ﬁ» (57

¥rog this po!ht onward 1t will be supposed that only one anionic
and one cationie component are presente The surface of
referense with respect to which [ 1'0 are referreé will be
chosen &8 gauel such that /-q solvent * O« 7The preacnce of
only & #ingle ehlonic and a alngle caticnie compenent maites

the acbseript ! superfluous and the other superseripts obviauss

Kow {f the reforence elestrode used i& reversible to the anian,

equation (57) becomes

16
aYf = g, 4 &7 - /ﬂ*d/«,- F-VA.-%&(WZ-}& ) (8)
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¥rom tho definition of chemical potential 1% follows that

du o V. o, ¢ )/4,% (9)
vhero . is the cheafeal potential of the beutrsl salt, and
) end ) . ure the oumbers of cations and anions, respestively,
forned by the dlasoclation of one molocule of salt,
The reveraible potential (| i, %’A ) varies with
the chenical potentisl of the anion according toc the equation

S‘F‘d(wnowﬁ) 8%‘ : {60)
From the definitlon of g, or from electroneutrality requirements,
/‘7

@ * S, F /70 s, P20 (61)

when oquations (59), (60) and (61) are introdused into equation
(53), and noting that 8,/z_ = « } / V/,, the folloving simple
ané {mmortant result $5 obtained:;

[ e |
qu-%dE‘--yT d/"‘ {62)

If the reference elegtrode iz reverslble to the cation, one
obtains by ep analogous progcedurs

e
&X ® o, dE, o wwam g4~ ‘633
Wk = T Y |
it constant coxposition, (62) and (£3) reduce to the Lippmann
oguation,
At the Ge0eRe, WneEN Q. = 0, we have
ey
—-&OOF.WIV.CoF*m/VQ (6&)

d//\
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The quantities on the pight band slde of equation (&) are

equal to /—' 2%&’ the nuader of zoles of nentral aslt edsorbed
per unlt area at the e.0.ms Honce

s .
M_-a./j?st (65)

d
At constent E_ or I, equations {61) and (62) become
. V+(g.%.>£. . [ (66)

and

- ). @l)g, a [ (67)

These results inéicate that /7 4 8nd /7 o can be
ottelned at any point on the electrocapillary curve by
measuring the rate of charge of ecurface teasion [ , with

composltion at constent potential &  and E, respeotively, This
derivation {5 therzodypemlcally rigorouss Very convenlent
slternate forms of (66) and {67) are obtalined by dlviding
throuszh by the Lippmann equatlion, namely

%Eb:' s g, (uith & or E, for E)

4 f
dence we obteln |
Vg (?‘é) . P+ (68)

and ax - ‘
.)).%G}-*-)n N (69)
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It may be noted thut componenys of ¢herce can aleo
be derived froz direst differentisl eapacity mousurenents by
ae0e impcdonns twha!quea.az Sush eapacity data (whieh ave
equivalent to values of &g/€F or «d° J/4r) oan de onsily
zeasureds Thermodynamic evaluation of the ecomponents of
cherges whieh are the gquentitlies of interest £n regard to
adsomption and structure of the doutle layer, can only de
carried out by reference to soze elestrocspillary dataj the
latter are required for deierainetion of the necessary
constants of intepration, FHost of the work of Grahame had
been ¢arried out by this kind of procedure using simle

electrolyte solutions. In solutions of asome organic solutes

and at 2011d electrodes freguenoy dependence of the =easured

capacitios ean complicate the therandynamle imterpretation of ;
the datas In the precent work reposted 1n thie thesis, j
comonents of ohsrze have beon deriveé only from eleotroe

renillary measurementse

Ee THISMODYHAMIC

Thermodyoazic studies of tho adsorption of amine
derivetives in acld solutions, shore they exist prcdoa&mntly
tn the fora of the conjugate acld lons B ¥ nE', vere first
nade by Conway, Bockris and Lovroeak63 at the mercury elestrode.
Adsorption §sotherms were obtained for eeveral alkalelds in

EARE T S SRR R

PR LA R
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kyérochlorie scid solutions and thelw adsonntlion wus
quntitativoly selated to thetr catalytic effents on o
hyéropen evolution rasetion at mo.oury. Antz-opovgz' and
Banerju&"as Bave made electerocanillary studies of some
sizpler bases 1n sulpburie acid solutions but have not ,
anslyscd t&wir dats ehmdymmiaaily. lerst et 5.166 have
sxarined the adsorptlon of (noutral) amines n nauteal
solutions by elecirosanillawy {drap weizht technique)
mongurenants.

Boolpin and momgren” have examined the amplication
of Gibbs? squation 40 elestrosapillary otudlsz of varicus
arsmatic azizncs “""2) an meveury in squesus hedwoshlovle

geld, ix wxtch the vatlo of the comgentrations of lonmiszed

ardne: (3338;) to thot of the ngutral awine molosvles
axseeds 10%, Tor ouch a system thoy wrots Lo 0fbe equetion
in tha followlns mavrert |

KA S Wage*é/“aga‘ * o S

. ¢ - .8 (20)
/’gi;gB* /" gt r g, /A,
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Hepn /7 anéd /M terms renvosent tho surface ¢xcosg end chemiesl
potentials of the md:cateé gpscios and othor terms arc as 5 i
defined o-o>viouslye | 1

The following relstions are gelf evident:

d/“ﬁsa" " P Ve )
d/V\ " ' q/”aﬁa; : Retly” (el

I &y 1s the potential of the mereury wltu respect to an

hydrogen eleotrods ip the agueous 81 « sulne golutlon.

dEmdg, ¢ é ,
s EH % 230" (}?3’
Furthermore, n
q’u?([ﬂ“o /7 s /0 )
530 8533 ¢l Gl

From egustions (70 « 7%} we obislin the general eguation

. d.al /7 L+ 7 Yem - e [ & {
r=q “”m" /H"a’ﬂa /Aaaae a* 'z =

3
fro which .
5\ ‘
XE.Z. = q (76
Ea /"‘gqfum i
~ bmwa 1;!
'\l
lees the famiiiap Lippzann equatiols i
Also
0y
st e 7y

b/“ﬁ?é‘ﬁe Py /“acx Ry RNE,
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and
Dy )
Dyrsed BN e [ (73)
O w1/ /g a

kearrangeacat of {76}, {77) and {78} zlves two additional
gquationa of interost |

AT RS LY AL AN AN R L

' - , "L
39 Pﬁﬁa R»JB Rﬁha & '.

and

o Fa;ﬂ’ t ;}m,’) "ty o

vhere q, 13 the charge due to tho totsl suprace exeess.of | ‘

positive lons in the doutlo layer, 5

If we use a calouwsl electrode instaad of a: hydrogen
electrode squation (73) asy be roeuritten

. 1 K
45 » 4, -,?d/um. {31)

and 4t npay bo easily shown that

0¥ ® (82)
, q ‘
T Fead ) ucy, fuugy |
Thus s complets thermodynamic analysis for the systen
Ry T R¥Hy + B 48 deduceds 1t is intaresting to note
from (77) that only the gym and not the individusl values of

[ -_ and /7&H can be determined, Noreover, the analysis
H
3 2
can provide only the éifference between /' ¢ and /[’
Ri

iy P
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[oqaatiea (?9)] o #Ath perpansntly quatornised 201, Caile
remothylepyricinluz chloride, however, the individual velue
or [ o2 the orgenis eatten enn be unomblzuously deduced 0
vill be shown 12 & later ssction of the thesise

£, ECTROCARILLAKY STUEIZC OF ADSORPTION OP BRUIRAL

ORCANIC SPECIES

m8‘9'87'9° wag the £irst to study the adsorption

of neutrsl erganie substances at the metal solutlion taterface,
It was found that these substesces profuced a truncation of
the electrocapiilazy curve, L.0s the maxicam lowerin: of
surfaes tensison gecurred fo the reslion of tho e.Cetls

' The firet quantitative theoreticsl trestament wae
glven by'mmin“'qe who aspressed the change in the work
of adsorption resulting from the charge on the eleotrode
a5 the suxn of two tepmst

{a) the first due to the szaller dieleotric conmstant and
greater length of the organic molecule than waters s tern
aives the change v the energy of the double leyer Psondensar”
due to the change 5% Lts capecity as & Pesult of the
replacement of wator by the erganle aubalsucs, $ete;

Y2 (Cet') (Do .ﬂ:‘?'m‘)" {83

'

whore C 15 the capaelty per squars centimetre when the suprfsce
1z saturated with the organic substensa, T its espacily ia the
absence of any orgsnic sclute, ¥ 18 the potentisl under

ey
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conalderasion, and E2°%°™° the potentiel of she ceteBs for &
given solutlon of the organic solutes

(b) 4an enepzy tera éspendent upon the dipole mousnt
{tarouch c') of the adsorbed @1@&13, $000p

¥ 1p o 1@0eRey sy CeCeRe  p Selel
C' (B e THO0R) (2 By e ) LY
anore & _9°C*B 15 the potential of the eedems 30 the sbsence of

? i
the organte substance and E,°*%*™* 16 £tz value when the § ‘

isterface is saturated with the organic solute, Equation (O1) )
plves the enerzy pequired $o forzm a dipole layer at the A
electrodes A4ddtng (83} and (3}), snd multiplylag the tolsl \
by &, the area of metsl surface coversd by ons aohdulo of

adsorbate, we obtain “J " the total eleotrical work of adscrption.

4 Y E&(c.c )(E.B.Qﬁoﬂt)a. e ‘B.EOQOQBQ) (Eo.c.n..go.c.mj ‘35

The work of moms.on is thus related to the interfacisl
sotentlal éiffepences In the absence of the electric field
We o He. The effest of the chanze in the work of asdeorpiion on
the emount adsorved 1s considered to be equivalent to a
concentration change of esp w/ki‘). The extent of surface
coverage 28 o funotion of potential and of concentration is then

obtained by using the 61bb¥s equation, and an equation of

state for the adsorbed film which allows for the attractive
; force batween the molecules through s term analogous to the
: a/i® term {n the Vap der Wasls equations Fleetrocepillery ;

curves for mercury in the presence of teaxyl alcohol were

t
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derived by Frumidn'a equations and found to Se in cxocllent
egrecent with the exporimentally deterained curves ebtalned
by Couy for the same golutions, Frumkin®s theory ié somewhiab
ezpirical §n seturs because the eonatants requived are
esloulated frem the eloctrocapillary curves themselves, 7The
speabnent doss not zive an entirely satisfactory physieal
nieture of the adscrption procedds

4 ditferent bul move sstisfactory treatuent of the
effeet of the doutle lager #1eld on the adeorpiion of orzsnie
zolecules has been given by &sutler?:" In Eutler'e theody
the Gependenos of the asoust of noneciecirolyte adsorbed on
the natupe and consentration of tie priaitive electrolyte is
ot considersd but this cduld easiiy be remedied by introducing
s relotion (Leee ap L2others) betweed surface and solution
solute sctivities thrcugh e stendard eloctrochenicsl free energy
of adsorption (see below). The theory has the advantage of
civinz 8 molecular ploture of the adsorption procesde

Butler considers the distribution of solvent and
organic solute in the field o7 the elaotrodes 4 quantity of
golote ip assumed tc be brooght up to the double layer shere

the fleld Lo T and @ corresponding volume of sclvent 16 rezovets

he work donoe, per unit volume vi the dleleotric, against the

slestrle forcss in the transfer of a uolecule of solute from

the golvent 1s given by




« &7 @

cwifelc e Ay F (36)
where ¥ 35 the worky F the electrical fleld strength, and
X 4 ané A o are the pelar exbilities of the solvent (4}
und the solute (3) respectivelys Fquation {36} 1 then
{ntroduced Late & Joitezann etributien squution for the
ameunt adeorbed, such that the surface 9Xcesd & is related

bs the field by the Sollowing xpression
e I e [V21dge dy ] (87

where [, Peproscote the ourface exess wsen F @ O

AY and AY ®*¢5e, the deprussiono of surfsce tension
vhen the fields due 5o cxceds oharge at the surface are F and
zero rospectively, are assunod to be proportional t¢ [’
ang [’ o % that eysstion {87) becomss

Ay = Ay e e[z (dgedy) e | (69

if, in adattion, the molecules possess pereanent dlpole
011595

zoments then taere will be another sern to be included,

\ 2
and the oxpression becones

Ab’ = AX €eColly m[_ %%0(3- O(A) + (33 RTH/«gu/a.g)} pz_]/m» (89)
where the averaze effestive dipole moznem/,',{ 18 2 /3 (90)

"quation {39) . reduces to

¥ ere We have modified the oripinel treataent to show the
rosult at both low and hdgh £4.ald8, :

TRt b e i
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A w Y9008 o [t o ) B2 0 e ) B Aer (90)
ahen the double layer fleld is large/agge aversze dipole
noment/ﬁ ® /v » the actual dipole moments

In Butlepls trestument the fiold P 15 sbsumed o be
o“oportioual to the potential of the electrode I with rozp oot
to thit of ¢ho G.Celis 1IN €X603s Of meutyal elastrolyte, the
sotential @ifference in tho double layer oseurs sainly soroés
the Belmholts part so that this sseumption is juatified under
certain experimental conditionss Equation (89) can hence be

transformed into

A b/ s A X 0s0s2e ozp LO&{E E&sco%}J {92}

The term % in (92) is e comstant lovolving X,y Xp and
the proportionality constant botween T and Py Butler choved
that the ealevlated velues of "a” were 1o agresment with the
experimentel ones, slthough there were a fev axeeptionse

For example, on the poeltive vrench.. of the elestrocapiliary
curve. of oecresol, the caleulated lovering ia greater than
that obsorved experimentallye The agrecment is better on the
cathodls 8180 0f the teCelms The explanation of the 4t sorspancy
on the positive braneh i& simples Butlerts theory does not
ascount for the dependence of the ascunt of noneelectrolyte
adsorved on the mature and concentration of the oriritive
olestrolytes GCemerally, in experimental woplty the concentratiion
of the primitive elcctrolyte i3 ususlly quite highe 410, ue

W R LAy v i T 1R
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expoct disagpecashv @b the anodlc sido of the alget.ﬂscapillew

curvos becauss 1t 46 in tnis reglon that anlons are gpecifieally
adsonbeds Othor probienms, eomnested with thoe preSeat uriteds
rosearenes, ariss in the study of adsorptlien of neutrsl orzanic

moleoules and will be discussed in detall in later sactions of

tuls theslide

Go EIPERIMCUTAL DITUHNINCTION OF APSOHPTICH AT FLECTRODES

dethods avalleble for the Getemination of adsorption
at elestrodes may be sultsbly dlviced into five categoriess
(1) eleetrocapillary stuctess {i1) érop welght susface teasion
stuilesy (vﬁﬂ surface tapslon stucies at eolld metalss

{1¢) the capacity nethod end {v) dlrect metrodse

(1) Hlegtrocapillary Studios

Historlcally, the eleetrbsapluary metiod 18 the
forerunner of a1l modern methods for She study of adsorption
at cleotrodes, Although it dates back mesrly ninoty years, the
method has besn used frequently up %o the prasent time.
“oreover, 1t 48 often founc that modern ‘adsorption data obtalmed
by ether methods compare favourably with eleetrocapillary
resulis, In this section we shall licit the pesning of the
tern electrocapillary studies to thoas measurenents made in
& eapillery tube where thet oxcess predsure ts measureé wnich

{5 requlred to maintaln vhe aereuldy mopiscus at a {ized prliot
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in a2 fino bore capillary.

"he basls of olestrocspillary studlos lies in the
discovery that when a meresry elegtroce Lo polarised, ity
surface tension changes (see page 47])e Edpg;mnnz’?’w’% was
ihe first to exanime $hie offect quantitatively and he made
56 of it in the elestzometer waloh bears tis names In most
of the early methods for measurling potential difforences,

e Lippmzin eleotroneter ¥as uvted in plaee of & selvencasted

20 & current deteotore Tho Lippmann elcctrode provides &
sonvonient way of obteining informstion abeut adscrption et
1ts netalepolution interfoces °y appll abion of the szb:‘:s
squation, the rata of shange of supface tension with tho
ehemiczl poteatisl of one substunee in the solutich, the::
coneentmt&on/cﬁ ‘éﬁiﬁa pives directly a measure of the amount
of substance adsorbece '

Several workers’ 1°10% have made a series of exsll
chances in both design snd technique. af operation of the
caplllary eloetrometere For ezample Zoenlg found that 1if
the mercury was kept at a posiiien aueh thad 1% was sore
than 0.1 e@ fron the end of the cepillary the slight amount
of hydrogen whick was elowly libepctoé at the ceplllaly
cleotrode could not éiffuse out fast enough, but would form

bubbles of hydrogen insldes
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Hansen ané uilliams were concermed with measuring

the Gtaplacenent of the geceBe 07 mercury for various solutions

(111, 00 0s02% aqueous ammoniua mitrate) et 25° G, 50°C and
7% ¢, Their essential modification lies in the attochment

of s side arm joined to a peflux ccndenzede Detause temperstures
from 28% ¢ to 757 C were uced, 1t was necessary to exploy the
refiux condesser to keep the pressure in the cell egual o

the aimospheric pressure without chanping the compoeition of
the solutions Craxford an¢ Devanathen puld special atiention
to the purity of sciuilonss Thelr results indlcate that there
15 1ittlo difference botwesn the older posults of ﬁouya"'%

and the‘nwer rosults,. |

he most thorough investigation of the depencence

of the electroeapillary curve ob the composition wim mmde

by Gouy who used aqmus solutions of many organic and

inorgunic eoupounds, and o few nodeaqueous Solutions, He
denonstrated that there ave several slectroiybos which appear
1%} bavé ne specific effest on the elsstrocaplllary curve; the
resulis for theve wolutions being elmoest ldentical. “For example,
the cmgnitude of the surface tenslon st Uhe GeColte (¥ B
was found o be equal within & 0.2 peseeat for distilled
vater, B KGH, ¥ Na0B, 0,00 REOg N EC0s Oadf KRG,
001% R POy 0ol RKASDyy 1A Hy2Gy - ¥ Bag50u
0 Mgaty e Ol TH 312(30!‘,3 and ¥ ﬁgsoa. The comparative
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tnsensitivity of [ ™% o5 tho composttion of the eolution
3o quite remazkatle bocauss 4t shows that ) 3 gg ot
affected olther by hydrogen or hydroxyl lenz, or by the
valency of the hesvier lonss [ T fop de/5.0 st 18° ¢
waz found by Gouy o be 426e7 dynea/sme uhoreas in i Byt0,
§ "% vecomas 426e3 dynes/ems

Couy did, however, discover that mapy other
slectrolytes gate vary dlfferent values of [ 0%, He elso
found that the value of | "=* 1a ralsed by relatively fow
salts acd then only to & relatively smsdl dagrese The
highest | ™5 valoe resorded by Oouy 16 6e6 percent above
that of water, &nd was obssrved 1o 7T § solution of KJIF0,,
This pesuls would appear %o be thermodynssically possible
only 4£:negative adsorptios of ths mlute selt oocurred (s
1t Goss at the alrevator futerfsse in certaln.systeas).
& redsotion in f B2 uns evscuntared sore often; Cege
2 moles pep 1tre of KCE reduced | "NF by 5.5 pereent,
GeS moles per 1itre of xamca)h by Se7 percent, 1 mole por
um of pmnm 1odide by & porsent, and 80 ONs .

Flestrolytes wateh argest | ™ aloo influence
the potential ot tho GeleRe (f“m). The follouing table
{liuetrates some of the results obtalned by CGouy
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solution | B 8,50, | 8 wi0,| 53| 8 ker| mED o fg?’%’b agg‘ggz,,
Coills |
ge. ) Celi8 De56 0e56| 0665 | 0682 0e75 Doli8
in wlts :

Potontlals of mepeury at the e.c.ts are measured against a nornal
calomel eleotrods

Inspection of the abeve tadle shows that F%*%*%¢ 15 tnflucnged l |

more by anfons than oations, a rosult related to the stronger

P
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specifie adsorption of anlens thsn of eations,
Another noticeable effect 15 that the width of the
electrosapillary ocurve 16 effested both by the mature and the

coneentration of the 3ueous phase, The width 1s the difference
o zhe potentials corresponding to one value of 3’ on the tuo
branches of the surves From Hansen and Wlitams'®? date, 18

car be ahown that in 0,2 § KE“KOB solution at 25‘” C an intere
faziel tengion of 392 dynes per centimetre is observed at

056 and 1,446 volts Eenoce the width of the curve at the
level of 392 éynes per centimetre 1a 0,990 va The following table show'}
/ (T,éggeliéiﬁe%w taken from Gouyls sesulte, The i
vartation of width at @ given § for varicus sslts agaln

reflects specific adsorption effectson one braneh or the others

e N R R S T
iR A R R SRR T



fable IT

|
a0
"$\w!
%)
&

Interfaciel tension yrEs, width (volts)
Y dsns/eme HERy 0 SEI TR, Ol N
401 2 , 0s787 ol
3tk 43 1 14350 0602
367 60 L8 L . S
350 7 6 LT 9

Esin and ﬂarkov27 exanined the eleotrocapillery
eurves for equesus solutions of potussiun fedide and pelated
tho 0eCems potentials to the elostrolyie cmenmt&on;‘
the ghift of c.ceme potential with consentretion is fmportont
in tho thoary of the double layer and this offeet has been

102

named after them, Foumbkin and Jofa™ ~ nresented elociroe

cepillary curves for eomcontrated solutions of scidse They
empnasised the need fop tho use of an auziliary elecirode
peversible to ono of the joma in solution, for oxampis the
hydrozen eloctrode or a calomel elscirode in the case of
bydrochlorde aecld golutionse Prumkin and Jofa obtalned very
procise values of 4725 (with respect to an hydrogen elsgtrode)
end ,Xux for bydrcchioric acid at verious consentpations
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typical dats ave chown below {Table III} since these resuits
forn the basis for callbrating solutions used in the present

ané otier recent work, ’i%

formality 0.1 150 240 3.0 540 T¢0 9.0 | 10,0

g | #04185|04233 {004 355 [s041:07 |o 0195 (o 00595 |04670 (w04 720 )
{volts) | '

{madog) 425e7| 423e0] 42007 1801 | Ldheb v&la. 50847] L1093

i
]
———— ’ ==

2utleri®3 exantned the lowertng of aurface tenston
produced by lod3des, Us showed thut anions caused & conalderable
lowering on the estrems left (the wositive tranch) of the electroe
cepillery curve, in contrast to e negligidle effeot on the
Negatlve branthe He demonstrated that the lowepinz ia surface
tension due to lLodides could be expreased as follows:

Ao M e

o e
Rt X

e aaER

e e S e

iy

log (AY ) = Constant « { eV/k? (93)

where (X oV s the vwork done by sn lon of cherpe 'e' &5 it

beoans adsorbed By passing through a frastion o of the

total getalesolution poteatial difference to somo equilibrium

position in the doudle layer at the elagtrode interfaoe.
Generally, {morganic cations show no marked specifie

adeorbedility at the Hgesolutlon interfaces mwmw‘ and
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his eo-wowamms"’% hage pecently shown that thellous lons
are adsorbed in a manner wnleh 1o quite comparable yith that
for inorgsnic anionss PFapsons and Aad;zz'aanw? detepmined the
effect of tcmpereture on the elestrooapillary curve of mereury
sgalnst aquesus potassins lodide solutionss The isotensile
or “oquilibriun® hoats of adsorption ond the eorrospondlng
entroples were calculated from tholp data, Thelr results ars
stated to be oply preliminary in mature and penuirve eonﬁmt.ioa
by measurements of the propertics of other mecifically adsorved
tons, and also by measurersnts of ¢ fferontial eayae&tles.'
Devanathan &ud Periea” oade eleetrooapnhz'y
gsasuressnts for sercury im aqueous potaseiva halsde aolutions
using 8 reference slestroce in the same polutions A calomel
eleotrode was used for experiments with potsosium chloride
selutions and a mercury/mscourous dromide eleotrodo was used
for potassiua troaide solutionde For potasslum odide solutions,
o silver/eiiver Lodlde eleotrode vas exployeds Tho cell uged
by thess workers wns relatively simsle, but it contained a few
rovel features hitberte usused by cthers, It conststed of &
three meoked glsss tube with 3 gas {nlet aand outlet, Through
the centre of the tube was locsted the mercury electrodos 7he
amuaré daétrade {platinised platinlum) anc the refarence
elestrods wepe lnserted 4n the two other necks of the tubes
Thelr pesults permitted the exaet ealculation of lonie
ecomonents of chsrge for the cbove electrolyte eolutiomsat the
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sereuryesolution interfase; the eomputed velues agreed untl
witn those evaluated from Aifferential capacily measurenentie
selel mealion must be made of coms Slestrscapillarmy
work dose in non-squéous solventse mmnm in 1923 reported
data for Wi0y Ha2r acd Tal 1n mothandly 55504 1163 and
%al in ethanol, LICL in e mixzture of othasnol and water,
x.woa. LiCl and aahcxa in soetone, sad tmbcﬁs ard Hal in
pyridine, Papeons and Devanatha 109 described messurensnts -
of the electrocapillary cupve for solutions of hydrogen
chloride in methsnelewater mixtures, 7The effeet of acld
concentration on the rate of hydrogen mlutio_n_rm aqueous
and methanolle solutions would be Snterproted ia terms of
the electrocspillary results and the caleulated behaviour
wa@ shown to be consistent wuith that observed expepimentally,
In 1931, Ockrent}? tovestigated the electrocaplllery benevieur
of mereary in verlous elcobolevater miztures, bub the results
presented by this worker bave no cloas thermolynsmic
sirnificances Flratly, the potential of the capillary electrce
meter in contact with a solution in & glven mixed solvent wss
measused with respect to an aguecus normsl colomel electrode,
7his introduses s 11quid junction potentisd of unimown
zagnitude oto each measured potentiale Secondlyy & olmgle
hich concentrstion of electrolyte wad used; e thel dhe suprlace
excoss of solute coulé nob be caloulated, aud althouzh in the
miztupes varylng chonicel potentiols of alcohol snd wslicr were
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ezaminedy 5 rolative values of /_7 4 20 and /7 Rog vere
caleulatede

seasureseats of ko oleciroospllliary curves for
smalyume were Bade by Cou, 30 He uged D03 perosnt amalgams
of ity Pby C&y B and Zns Prumkin and Corodstakae’l
recorded oleotrosapillary curves for thallium amslgams. {up
to 41e5 percent thallium) st potestiels for which ths apodio
dissolution of thallium was necligltle, ao'-;thét the
concentration of the emalgam remeined comstant. In nopmsl
aocium mlﬁhato solotion, thalliua lswers the mepeuryesolution
interfactal tenalon 1f the potential $s larser than «0e75 volt,
and palces | for more mesutive potentlals, so that the
electroospillary curve for the snaloam gute that of mercury
in the nelghbourhood of this potentiale The mexissm of the
elestrocapillary curve is digplaccd by thallius i the diresticn
of more negative potentialse |

4 amaller, sizmpler and conseqaently 1988 agcuraie
form of sapillary elestrometer has uecd used for messuremsente
at higher temperatureas The eleetrocapillary curve for
nolten gallium (HePs 2948° C) o salt solutions was atudied
also by mef/g&dﬂshjam and the clestroospillary curves
of mlten mstele in molten eleotrolytes uese obtalned by
Tarpatchev ot at12"11% ys used tn oot of thelr work the
sotassius chlorideslithium chloride eutectlo &3 eleotrolyte
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ané electrodes of pure &ﬁtimng, tin, eadalum, lead, 2inc,
thallium, silver, biemuth, aluminium, zelllum, tellurium,
ané thallics, tim znd diemuth amelcems, &3 well a8 tinezine,
tineantizony and bismuthetelluriva alloys. Eiemnth had &
¥ 8% galuo of 376 dynes per centimetre in the estsetlic
mixture of potassiun chloride and lthium ehlosi&ﬁVat 450° ¢,
and #O°0°®* yug o0s3 volt referred to & lead electrode in
the same melte It may be noted that L% 4z difficult, 1f oot
{empossible, to correlate dats of this ind with those obtalned
on mercury in contact with aqueous solutions at low temparaturad.
In the earlier work, electrocapillary studies of
organic molocules and ions sppesrs t2 be goneuhat unsyatematic.
Thus Gouy (1o0ce cit) showed that amyd aleohol had very iittlo
effest on the interfacisd teasion of mercury in e prizitive
normal solution of scdtum sulphate at potentials far from the
8.0l but found bowever, that depression of the surface tension
of mercury occurred near the 0ecC.fe andé made the ourve verﬁ
saysmetric, 50 much 80 that the e.Celle 43 ghifted by about
0.3 volte Many other orgaﬁic compounds chifted Fo°°™* tovares
Bigher eathodic petentlals (1.e. in the direction epposite to
that for amyl alcohol)s The mbstances used by Gouy included
resoreinol, phesol, pyrogellie éc!d and biurot,
Eutler93 exazined the olzetrocspillary behavior

at mercury of acetic, proplonic and monochloroaceiic aclds,
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4o aleo sbudied pysrole, tricthylaeziee and {sobutrlonines Iy
consideration of these data, he avolved the Mretzeal
considerations dlecussed in the earlier part of tals review |
{qevs Chapter I, section Iy Page 66};. Indivicual capillary
curves for solutlons of tetrasaliyl ammontun lons have beed
given by qunﬁ” Hore recently, Conusy, mmé and
Lovmeek63 deterained the adsorption of certein alkaloids
from electrocapillary aeasurezents in ordsp to interpret

some anomalous kinetic effects at nePeurye Zockrls and
Blemmm.31 and Antropov and Baner} 83,85 have stuclied the

adsorption of organic compounds at tho mepcurysaqueous acid
solution interface in relation to corrosien inhibition.
cierst and hls morkiera% neve examined the adsorption of
azines from neutral sclutliona. .

Generally, the eloctroosplnaiy data in the older
Mtepatore (prior to sbout 1840) for tnorganle and organte
compounds. are of 1ittle value for quaciitative interprataticn
tn terms of the nodern aspects of slectrified mtal-wlut_ioa
interface theorye Hany of the older workeps used only single
concentpations of additives, and othera made no-effort Lo
correct for liquid junotion potentialas The attuation for
inorpanic additives L& considerably detter thsn for organie
edditives, Thers is undoubtedly & very dtetinst scarecity 61’
therzodynenically gignificant data in the studies of adsorption
of ovganic substances ab netalesoiution interfaces, and a

corresponding lack of lmowledge of the stpucture of the
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doudle ioyer elther for peutrel or Sonlc orgenic specles

A rapid mothod for ottalning a Geasure of surface
sonzion 45 the "drop wolpht® or "drop volune® methode Usizg
e solarographt® drop times (waich are foversely proportional
to the eor;;omnd&ug, drop weights) ean be plotted agalngt the
- potentisl of the aercury érops and & eurve 13 obbained which
{3 alaost fcentical with sn eleotrocapillapy curves The same
experlmental arrangesent 12 used as n the oréinary polarogrephic

datepnination of currentevolisge eawea. |

Racars}® was the first to ssploy the arop welght
mothod But thers has beon mueh contioversy conserming hobher
satisfoctory elestroceplilary curves can be obtalined by this
mothods Thers is no satisfactory theopeticnl relstionship
between the drop weight and the interfecial tensiony they
appear to be proportional to ode anotier and the proportionallity
constant can bo eveluates eepirtoally, Craxford and hﬁem‘az
developed two forms of apperatud wnioh they ueed for the
determination of the drep welght "eleotrooapillary ™ curves
under alpefree conditionse They cbtatned welucs of the luters
fantal tension ef mercury at various appiied potenticls in a
vormal solution of botnaiua nitrate, waich were identical {to
within 042 percent) with those obtained by mesns of @ capillary
slestromstep,  Though spparently simple, the drep waight
mathod 15 expesizsstally tedlcue and difrieclit to opsrate
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beesuse 2 the nasessity of eounting the drops and alss betause
the elestrolyte tends to creey up the capillary causing

$rrecular drop Joomalien ont ermatie ragul tae

{114) Zupfase Tension = Potentinl Cuxves for sSolic sateds

in Satepesting method of measuring the surface tension
vetuser & 60113 metal and & solutieny first develope& oy
iﬂ.oeuerla"za‘ has been anplied by mﬂk&nlag and his
¢=_oncaaguesx.]“':ﬁ"'l‘?7 The contact angle ﬁ of a bubble iz related
to the tenclona of the three tuterfuses, namely, [ o
(gas/aquidl, (7, fass/eolid) and 47y (28qu4¢/e0186),
by the followlng equation
cos/> ® Lafs” C3/s . | {9%)
L s
and only )( 1/s 12 regarded a8 varylng ulth potentials Curves
slailap to those obtained by the electrocspillary aethod usiny
mercury are obtaineéd by plotting the contacet angle against
the potontial of the metals With mepcurs, geooeBe 15 (n the -
same reglon as that previously found with a empn\mv electroe
aeters Volues of ( %™ for copper, mlekel, silver,
platinum, sine, gsllium and amalgans of thallium were deterzdued,
The contact anzle method 1o mot as escurate &a the slectroe
cepillary methods The irreproducibility mey be dae to uneatisfacte
ory cleaning of the solutlon and of the ‘metal Bsurfaces It laof
intasast Lo note that Frumkin and &arodétzkajala& tlalned
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ghat 1€ the bubdble size were plotted against the gleptrode
potential, o €wVe gimtlap to Cho elegtrogapillery curve A5
acatn ohtetneds |

nexbinder and Wenstromio’ doviced @ novel apperatus
fop meapupine the effest of polapiention on ehraslen pesintandds
zegontielly it conaiets of a hoavy pendulun which rubs agalnst
ths solid whwse cheseign reclatance 18 detormimade In the
courge of the penfulum's asotlletion the nivot of the pondulon
ruba sgeinst the solid, snd the decay of the ceoillations is
more papid the lower the abpasion pepistance of the 8014¢,
ohe sbrasion (sozetines elso vefarped to s the hardness) taies
plste in a dvep of 130uid put on the surface of the solids b8
2011d 18 cornected to ono pole of the potentiometer, and the other
terminal of the potentiometor 1s commected to a platinum wire
twporsed 1n the drop of 1loulde aglanbnﬁatmmotm
platinun wire provents contagt batwoon the platinm and olthey the
pordulum base or the golid, Vhen the potential 4itoerence
netwsen the platimm and solid varies, 8 plot of abpaaion
ropistance vorsus potentiel gives curves sinlap to an oleotroe
cepillary o0 tempavetive axperinents of abragion realstarce
and intesfaslol tersion of thalllum and thallium emalgnns
alth goluttons of sodivm sulphate, and sodium sulphate end
axyl alechol wore roperted by a’w&n}”

whe axigtonce of a relatlon betwoen surfoce tension
of the metaleolectyolyte systes and Lho nandneas of the medal
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surface a8 measupsd by he logaritheto desrecont of the
oscillations of the pendulun hae been confirmed by Bockris
gnd darey Jaaca.ay" They pepeated the uenk of Wenstron

end Gehblnder and anowed that FOU°°T° for amalgamated copper
15 {donticel with thst ebfained fron eleotrocspillary curves
of mepeury in the cams solutios flowever, they claim that
the property meseured i3 not the hardness of the metal; it

13 probably related to the friction dotween the pendulum

and the oolid wetal plate.

(1v) Zhe Capacity Hethod
It has Deen menticoed 1o an earlier ssetion of tals
review (Aq.v. pege 60 ) that tho capacity of tho olectrodes
solution interface may be obtalned from the slope of the
chapgespotentiol plot, or by & fferentiating the electros
capillary curve twices '

ca Do dE = 0PN (95)

the elogtrode capacity Bay, howeved, algo be obtained by
direot exporiments saslecally, the impedance of the motale
solution interfecs 18 requireds The ohsic resistance of the
solution can e regarded as belng tn series with the impedance
of the intorface, und 6an be scotorially subtracted out of the
tetsl measured impedinces Varlous toonnismes for measuring
electrode capacities have becn reviewed in the rocent
Viterature, 320432 ana Parsons® 1 particular, hes conctsoly
sumnapteed the more important conbribatimia made by wopkers




in the Soviet Unlone Tho moct cignificont HYestom workor
in this flelé haos boen the late D40, Gmhamw?' L0 who
measured She eapacity of the mereury clectrode in a veriety
of solutions by means of an ae.6e lmpedance bridze.

Eeasntially Grahame's apparatus conalstes of &
dropninc meprenry elestrode {ssulng from the tip of a mn-
walled caniilery. Tho Croplet of mepoury 18 surrounded with
8 deserated colution of ez inert electrolyte {say potassium
chlorice) end the capnoity 1o moasured, The Dridge is balanced

at one moment caiy gurlng the 11fe of a drop, and the age of
the drop at sils momant must be accurately aeasured with o *?L
stop wateh oy prafepably an slestronic timer, It msy be a
pertinent to point out thst Grahase's technique for measuring :

the ¢ifferential espacity of the electrical éouble layer is
based en the first suscessful application of this type of
measurement by Proskirnin and mm.m It 15 nocessury for
saccess in these messurensnts 0 produte 5 clssp smooth
surface with all the elements of the surface exposed to the
same conditions of curpent ﬂow."” The uae of mercury is
an erfeéuvo way of satisfyinz these requirenents, Hiner
nodl flcations to the bridge impedance msthod have deen
reported by a mumber of ozheé workers.mo'ms

Tae capacity method would appear in srineiple to
be the moot useful one for studying the doutle layer at solid
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metaloe EOwewery Jow studies of this type have been reported
in the literatures Grah&megz has revicwed the existing
capeeity Pesults for pilatinua tat the ¢als of varlcas
investizators are, howover, dlaorepante, This may possibly

be due to the laek of volforaliy in electrode murface
p:’op&:’atiﬂﬂuwé Capocity date at solid metals are very much
dependast on :requeaeylg‘sz'mY'we and Bockrls and Comqqu
bave shown Shat the variation of $he double layer cepacity

and reslstance at metals 12 intrinsteally frequency dependent,

They explained the variation of the doudle layer capacity

with frequency as beins due to dleleetric loss in the lager r |
of edsorbed water molecules in the interphase. , :
Wen the surfaes of the eleetrods 18 covered with é ‘

£

edeordate, 1t f8 found that thepe fs o variation of the

et

capacity with froquensy and a complementary way of stating
Sockrls and Conway's explenation is the’ tbs variation is due

to the ostillaticns of the metalesdsorbato éipeles in the 2.¢s
fleld, Fupthermore, it 1o noted that fresh surfaces of cleotrodes
prepered by cubiing the surfauce shows a high vartation of
capseity with frequency, and this sy be roéuced by melting

the surfece of the elestrode to remove S.m'agular;ﬁaa.u‘é
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The verlution with fPequency at & irvegular surfasc is alm
due to the faet that the slectrode and solutlon may not

benave as 2 olupls ocapaelly and resisteance in sapiod boesuse
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ol the nonecnifers distributior of current cved the olegtrodse
For obvious reasond, mercury shows the least frequency
dependento of coapReitye

Recently fekagink. at &-_;}Sﬁ neve studied she
adsopption of thioures, aniliine ang éﬁxa' 23 of the tuo in

agueoas and methanollc soluilons of Q.1 molar ediue fuoride

frabame’s method glves stsuruis mesturenents of the sannelly

within one pepgent, 'ut thls type of ascuraey is oot

applicadle to electrdas which uhlﬁlt lsre canaclities.
Roughness factors, thed is the ypaties of irue to

spparent surface aressd of solid elestroded have deen determined by

capacity msssurensnte,iot In this way 2t &3 found that
®s200th" comzon metals have Srue avess which are up o
anoroximately three or four tizes agrcater than thelr spnarent

Capparent/Ceue ® 1
is resuonable, and probably correets The differentisl capseity

sreads An assumption that for mereury

mensaronents 2 mercury can be checkel by deemoapnlaey
methods, but dats for solid eleet:ndes casnot be checked a0
readily, In this comnsstion, it is encouraging to note that
Hackerman and his aolhbomtérs‘sz'zﬁ havo reported sood
correlation for solid eleetimdes betwesn -aroaa ealoulated from
capaclty data and those measured Wy means of kryplon adsorption,
Thelr capacity dots wers obtained from time/potentlal traces
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gboorved when o Spuars wsve aiznal was applicd to tho
eleotrodes, Thelr methbd was busod on that sugyosted by
fowden snd R&dea‘i"m sno obtalned capacitles by diroot chawplap,
on the assuzption that any curvent supplied to the eloctrods
was {nvolved ip charglas the eleotrlical double layer, leee
the interface wae an ldeally polarisable ones

Hansen and (2hmp1tt57 éoerivad spparent 1sotharms
for the adsorption of orzanie compounds such ag, Decsproic
acid, nehentaldehyde, neootenolo acld, neheptylic ascld,
acotic acld snd heptanclel, cu silved and copper elsstrodes
by means of double loyer capacitence and steady state currente
overvoltege teshmiques, The doudle layer capacitance was
used to infer the extent of the edsorption of the sufface
astive organte eomomiea on the solid matals, ©he measured
capecitance was assamed to be proportional to the arsa of
surface :roe/:gnrbm %0 that the surface coverage was
obtained ss ‘

¢ "1 e (96)
()

Apparent metional surface coverages found by eapaeitance
asacurencnts were compared with thoss obtained by steady
state gurrenteovervoltage meagurementa at two currentse. The
results wore stated to be im peasonabtly good acreement,

Bonsen, Hintuin and Rlckacmma reeinvestigated the

metiod orlgiaally developed by Frumicdn’> and Barcley and
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&meﬁss ihe gurfoce coversge 1o Frumkint's troatment was
expressed by Hansen and his coworiers in terns
of the differentiel cspacity of the double layer in order (o
relate exzpopizmentally the guPfuos coverage b ths sonceniration
and potentisle Sutler and Earelay included & brief study of
the offeet of tecmyl alcohol ou the dsubie layer ospacitance
at the mepsury surface dut they déid aot atlexnt quantitatively
to correlate the effects observed with adsorption, nor é&é they
{nvestigate the dependonce of these effecte on polarisation,
Hassen et al, gave & relationuhip vetween the differentisl
capacitance, the electrode polarisation. and the rmcts:on of
surface covered in = monolayer processs 4 detalled study
vas made by these workers to verify the predicted relaticnanlp.
Hansen and his coivorkers found & slaple Langmulr
adsorétton i1sothera to expross tho diffarsntfal double layer
capacity (or the fraction of surface covered) as a furction

s e T T e

of the concentrailon in solutich,

P, «C

cg.).. ® Caslesat,
At the potential corresponding to caximim adsorption, whede
the variation of adscrption with clsctzode polarisalion cam
be negleoted, the fraction 6 of. surface covered Was related fo
the differential capacity per unit ares 06.1. by the above

eguation, Gg-h is the value of c&.la $n e abssnes of
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gprfavo active agent, and cd.l.sat. is the value carrosponding
t0 & saturated mopolayere 4t other potentislds, 8 czo be
repleced by eapparm’ the apparend fraction covepede The
value of c‘m'mﬁ. can, in principle, be determined by
measuring the cowplete adsorption isotherm, It may be noticed
that equation (97) is the quantity measured by Hansen and
rlampitt {loc, cit) where cd.l. vzs noglected, Laltinen

and ZoatertSS axtented the application of the work of

Hansen and his coworkers to other aystems.

The 840 Pesistence of & stuinless steel wire
eleetrods was mossured by Schald and Hackeman9 as a fupetion
of the typs of elestroigte, thy polarising current density and
frequency of Lhe measuring currents ‘he method depends on
the vehaviour of the elestrode and elestrolyte solution
comparative to &n tnalogue of two resiators connected in
parallel, ¥hen potentiel is applied to the sleotrode in
solution, & certaln frsction of the total current flow passed
tuoough the elocteical double lager sac the solutions The
axtent of shis lsaksge was found dy measurins the impedance
of the systeu snd comparing with the impedance of the eleotrode
in aly, The gdiffersnce detwesn {mpedonce messurements with
low frequency a«ce in air and in solution vas szall but when
the elestrods $s sufficiently polarised to make an elegtroe
chezical reaction possible the capscity became epprectably
hichep ansfor the resistence dropped to low valucse ihis
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couses an fete Leakage oo evidenced fPon geaphlical plots of
potential and suprent densiiy verous impedances The cetter
conducting eleatrolyte, potacaium suiphate showed e lower
fimpedance at @ piven potential and current densify thes codlu
sulphate, The distance between gnodic and eathodie cupves is
s1ichely lasger inm the case of potassium sulphate thuo pointing
to & more dongely packed doutlc layer From thie, the | |
conclusion was drawn that duping ecatbodie palarlaatxon. g 2 5
ions wepe more adsorbed than Ha® loms, Potasslum halide enits
were also axamined end the Posults indicated, e.ge that during
anodle polarisation C1” icna were more sdaorbed then P fonss
In comson with eapaoléy methods discussed in this sestion, i
this mothod is also limited by a dependense of impedance on g,i
frequencye

{e)

Despite the gensral impoptative of the probles of
evaluation of adsorption of clectrolytes and organie compounde

at eleotpodes, very 13%tls work has been reported on direst
deternination of adsorption by meagurements of the change of
consentration of a solution oconsequont on the lntroduction of
8 metz) which sdacrbs soms constitusnt of the sclutlons %he :
difficulty 19 in the limited range of concentrations which ean be |
coefully stadled, There 18 also a shortege of relieble and suitable
chemical proecdurss avellarle for deteeting changes on en
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Wltraenlore snalytical soaie.

tho uze of padlosctively Yogged compounds offers
interesting possidilities dn thls flold and this has been
doveaoped for the adsorpiiom of sllver culphste ob sliver using
g% as tmcevzm a2d aiso fopr chrowate and sulphate long ab
$ron m;‘ueang This mothod is noved and lmbtereating, but ite
value {5 somowbat dimimished by he necesslty for pemoval of
the metal from the aolétsen end subsequent washing of the
netals In certaln systems, tiis nroeedure could dlaplase
the true thermodynamic equilibtrium which had existed furing
the prosass of sdsorption prior % remsvel of the medel, but the
mothod {8 & valuable ene when the sdesorption &8 irreversibles
The effect of potential on adsorption at these metals waa not
studied, but 4 would sppear that the effest of polarisation
sould in cozo emses make the above mentioned dissdvantage more
aponounced,
} hs uos of conduetance mpasupensnts to follow the
adsorption of Lonic epeeies from eolutions at low concentrations
as originally reported in the 2usslan ltemture, Wt without
experisentsl detalls, is a promlsing teshnique although it would
exclude the possibility of investigating the sdaorption of
noutrzl moleculess Changes in refractive $ndex of binury Mguid
aixtures on adsorption of one coxponent of the mixture by
charcoal Bave been reported by Bortell and Sloan, > and by
Kipung."w 7he measurements can be made with £2Pulfpich
refractoneter o by meanc of s Reylolzh intepferoneterstor
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this refractometdic technique ecould esnceivably be adoplcd
for studying the adsorption of certain neutrsl erganic mlecules
on metals, but it 12 obviously of limited spplications

48 & conclusion to this chapted o brief summary
of the prineipal methods availadle for atuﬂjing slectrochesical
adeorption and the salient features of their applicatlons and
1imizations will be given in Table IV {paze Shl.
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CHAPTER 1I

PART Is ADSORPYIOE OF HFTFRANCYCLIC AUD AROMATIC PASRS

Y

Heterooyolic and aromatic sitvogen compounds in nestrad <
or Jonio form bave been widely used as corroslon Snhibitopst2il ’
or clestrocheniond addttivest® to modlty the kinetles of vartous
cloctrodo processess However, few data are avaliledls from which ;l
an elucldation of the factors determining the adscrption of
simple organic bases ab elcetrodes san bo wade {qewvs Guspter I) ‘
and systomatic studics of the effeets of lontastion by compurieon
between the adsorption of noutral basas and‘ thelr corresponding 3;3
quaternary lons have not beem zade. OF greuter uport'qmo 1o
relation te kinetio effects u/ﬁ?“’ciiméﬁﬁgﬁ lager in the
presence of organic fons and neutral melesulss end this has
altherts peceived little attention, |

Previous work on nwtw. pyridine dorivatives has
been Peported at mercury®® dut adsorptlon enapcies sd $sotherms
have oot beon svaluateds Danerjee and Ammpovsa'a‘ bave
studied the adaorption of hetepoeyclic and aromatic eainium
fons in sulphurie acid splutions at mmry and related thelp
corrosion inhibltory power st Lron to the deppessionsf surfase
tonsion arialng from adsorpticn of these compoundss Hore
recently, during the eoi:raa of the present wopk, Doekmds and
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El@&wg havs pelatod tho aupizce COVErRss ot tho Gedshe &8¢
asrougy 5o the corrosion ishibitisg power by alxllss eyelle
orpanic bases ant havs Sbudled tho laoilicrms for the adsorpticon
of sone axinina luns in hydrochlorie acid eoiubions,
| In the prosent wovi, the ains have been {e) %o

invastisate the relationshlp between &dsorpiion and eoioculer
structure of the heteposyclie and aromatic pdditives; (b) 0
evsluate the standard fpae enercles of adsorption of thess
baces @8 & funetion of elestrode potestiel end eurfaee coverage |
and to exsalos tho nature of the fasothermj (o} to compere the al
standard froe enerzies of adsorption of the Deutrel buses with g
those of the corresponding lons forsed ¥y reastion of the base \
wits an agueous acld solutiong (¢) to imvestigste the folo of
T somital ntepsction uith the elostrods mupface in detesstales |
the extent o34 fres amergy of adsovpticnj (o) to emsaive the |
structure of the elestrleal Couble layer by obtatatng the Sonfe
ectponeats of churge au 8 funstion of elestrode potentialy (8 W
cvaluste the axtent of the Hain and Harkoe eaffeet for cyeelﬁmlé
edsorbed organie sations and (g) So Suvestigate an snalogous
PRain and Hapkov sffest® for neutral aolecular speclies.

Tiroughout the ¥ork destribed in thls chapter the
atnm-j slectrods has been used as iB provicus em&ué&” ,:
on acoount of the preciston of adsorptiod data obtatsatle ky 3
meond of surface tenslon measurenents and sinse the elestmds
46 alsost 3deally polarisable {3oce edte)e Also, cae of the
mopcury alestrods enables the adeorpilon data to be emloyed
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éimny in interpratation of related inotiec data wh.eh can
be ovtained with the best gracia&cn% 8¢ thls matals &
furthep aﬂmtase of aareury over solid matsd electrodes
{ofe Chapter 'V) is that a wide Pange of elestpodssolution
potentisl éifferences osn be exarined without dlaeolution of
the mm. or elestrostatalytic reduotion of the aﬁd&tim

(1) Hethos

Adsorpticn of the oppante additives ues studled ty
deteraination of the gurfsce tension of sepeury oeing o -
capillary elestrozster {vide infra)e Ao dlccussed previously
in Chapter I, Seoticns D (48) and (584), and 0 {4), cleotroe
eapillazy ourves may bo doriveds By appiying the Cibbe adsorption
eqeation to surface tenalon messurenents e o function of
elostrode potential ¥ asd sslute astivity & tho surface az008s
of additive as a funotlion of eleotreds potential and solute
concentration oan be evaluabed froum the follouwlng equatlon

AR
2 B?) lna, |p /‘m
Ry

tsdaorpuon $sothoras oun a-zee te obteined, az:é standard froe
energies of adsorptlen evaluated, The evsluatisn of ethor
quantities will be élacusssd leter,

’ - {98)

(444}

. Desplie the uge of the sapillary elestrometer Yy
varlous workers from 1675 to the present time, very fou

S skt it i
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¢atedls of 1t0 operation or of the optimm conditions required
for obtaining pasults of tho vest procislion bave been published
in previcus paperd, Acsordingly, the fellowing essential
exporimental $echinique and deseription of the electrometer i8
deseridbed belowe

The two photographs {FPigures IV and ¥ on pages 100
and 101, respestively) show 2 closeeuy ploture of the eloctroe :
moter and of the olestremeter with Sta full ecttendant ssscaully, }
respoctivelys Por adaitionel eonvenience and clarity, a ) l
schematie dlagram of the essentisl parts of the spparatus is w
shown on Plgure X (page 102). i

An slleglass cell, havine thres compartzents, of
the type ezploysd in &mﬂiﬁnﬁaue Bork wus uaeﬁ.“g The eell
was designed to hold a reugh vacuum wishout the use of grensed
joints by paing carefully ground glase jolnts and teps whiech
vors sesled with the splvent which &8 usef inside the oelle
Such an srpangement permits the apparetus to be used with
"Jeoxynenated® solutlone, This 1s nmot a vital coneideration ’
since 1t has been stated by several modern wrkepsSt1O58 gngp j
the sresence of oxygen does not vitlate tha eleotrocspiliary .
measurenonts, a fact which has been gonfirmed by the present
witeds The importunt factor, however, 18 the exclusion of
conteniration Yy zreasdss

Provision wae mada in the large centpal compaptment
(se0 paze 101) for immersion of a cslomel elecirode contsined
io a 12 mse tubes &coese of solutlon to the Hg/Bg i,
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Figure IV: Fhotograph of three compartzent
capillary electronetar cell used
in ths present work,
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Flgure Vi Photogeoph of entire ssseadbly of
apparatus used in the dotermination
of sdscrption at meroury,
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Flzure VIr Schematio dlazran of the caplllary
Slectroneter and its suppleasntady

apparatuds
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interface was through $uw0 1 3. holes above the surfaco of the
calomcle The ealomel cleotrode was aryanged An the cell Lo be

a8 near ag possidle {3 mme} to the mercury espillary inm order

to alnimise ohedo orrors at hirhest eleetrode potentials; thess errors

were In fact negligibles he left nend oide compariment shown
in Pegure ¥ ¥as provided to contaln 2o hydrogen reference
eleetrode, waleh in fect was oot uced fop ressens to be
discusoed belows Such & veference olestrods can be used 25 ap
agode 58 wells Sinoe the area of this eleotrode i very mueh
larger than that of the mereury in the capillary, the formap
is unlikely to be polarised, but the ohmio érop in the solutlen
i Included in the measured eemefs 0 that 48 appears preferable
to have separate elsotrodes to perfors the funotlons of anode
and peference electrode, he platinum wire anoce used was
boused in the third compuptzont of the oell, and ghoum on the
richt hand side of Flovrs VI,

The noreury cepillery was constructed from a 0.3 mu,
pyrex capillary tobe that had been previonsly cleaned in a
nitric and eulphurie actd mixture, vashed many times with
conduectivity water and then drled in an alp overs The
eapillary was then Erawn down ip a gentle taper over the last
half 1nch of fts longth ang finally the end wac drawn acedn
to a vory saall diameter in 2 small cool flame, Production
of the eapillary $s oritlcal. ané s 7006 one nust have a very

centle taper over the 1sst 5 mm, of {6s lonath ang have 2

—— w "
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sufilciently small diameser at 155 lower end to be ablo to
euppert an open column of mercury sbout 8 faches highe It
L8 important thal the end be out with & gharp tunzeten
carbide zlass knife in order to svoid miercsespic Jagzodness,
and consequent uneven breakeaway of the nercury drop a3 the
ronlgcus 18 drought to & wolnt near the end of the eapillary,

“he caplllary was mounted et one end of a small !
zale ground gless Joimt (10/30) whilet the othor end was
Jolned %o a 200 =} mereury reservoire Contact $o this ‘
asreury was made by means of 2 platinus wire sealed into the
base of the peservoire The recervolr and capillary could
then be fuserted through the cap of the eeld into o corrasponcing
femslo Jointe then the spperatus was disconnescted for purposoes j

- of cleaning or for changes of solution, the mercury capillary

and Peservolr coild B¢ removed for sefe keeping by plastss 1t
in a loos vertieal glass eylinder fitted with a 10/30 femsle
Jolnt at the tope This eylinder may contaln either ¢llute
hydrochloric gelid or simply eonfuctivity weter,

ihe top of the mercury Peservoir was connoeted to a
nltregen gas line Y%y means of 2 thin flexible spirul glass
tubes Tho nitroges line communiested to a oyiinder of tho 828,
%o a 2 11tre reservoir, %o one sife of o 12 mm dlameter
Sercury @manoaetery and to & floke valve and e stainless shesl
nocdle valve arrangsd Ln series with one anothers The use of

a 2 1itre reservoir holps 2o statiiise the pressurs resdincs
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on {he manomsters Iy manfpulstion of the two valves, with an
40083 pressure of nitrogen, the nrossure could be Sincly
controlied until the merewry in the capillery wus just forced
to 1tz lover extremtty, wrich was vloved by coans of an 3100 7
meznd fying zonoculere It wes alao found that a gently tapering
caplllary centributed to the flnesmof precaure control end the
reproducibllity of tringiny the moroury to the same lovel at
tae extremity of the caplllerye At the conelusion of thig work,
8 binoeular Pauech and Lozb "goom” storeonicroscope besamo
avallable which enables vastly Lmproved viewing ozitha capillary
to be attalned in "Jedimencions®,

Tho pressure was read on the manoneter by moans of
@ cathsboneter and the head of mercury from the bottom of
the capillary to the upper lovel in the rescpvolr was einilaply
determineds The sua of these two hoads” Was the prosmupe
required to maintain the msreury at the end of the fine
capillary, Hercury height peadings were corrected te etandaprd
pressure values using the spproprlate Gonslty of mercury,
dosgurensnta were made at 26° ¢ £ 10 ¢, me temperature of tho
8ppar«tus was controlled by means of an internal glass ool}
situated within the comparteents {not drawn on the schematle

M——— e )

¥ The variations of hyérostatio head due to the alution
awove the louer ueniseus of mercury in the caplllary were
nezliglovle anc the head 1tself was small {0s5 cma)e
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élagrem of Figupe VI) of the eoll throurh which water ab $he
requircé temperature was oivculated by mesns of a Dity fRon

& thernootatted wator bath locatdd behind the eedl ac shown
in the photegraph {Figure V page 100)s For accurate work $t
is important thet the temperature of the nePoury colusn should
be constant sinee the density of mercury changes significantly
vith temcrature suck 62 In tho measurements at 80 ¢, 2¢° ¢
and 45% € of the hoat of epeciflo adsorption of lodide tons

at zepcury by Papaons and Anderaon.m? Idecily the whole

apparatus ehould be enclosed within en insvlated alr box
theraostutted et the desired texperaturs, However, this
additionsl temperature control presaution necd mot bo faken
becsuse Lt was ahown that fluctuations in tespersture of & 1° ¢
¢id not significantly affeot the memsurouents ot 26° ¢,
“oreover, on aly box would hinder the anss of sanipulation of
te whole apparatuss |

e dlaneter of the capillary st its end was
calidrated uelng the surface tension data of Fromkdn and
Jo fnwe for hydrochloris 2¢id et various toncentrations, and
that of Devanathan snd Periesd for various eoncentrations
of agueous potsssium chloride solutionse Zunfacs tenalons { § )
of mercury were caleulated from the following rala'&zonanlpw“‘“

E;L = Ceb (39)

Where » 1o the radius of the caplllary, & the zpavitationsd
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congtant and € the density of mercury at the ceil temperatups,
Heasurcrents of | wers taken at fotervals of 50 oV, ané aftep
each measurenent ab e glves potentisl a drop of mercury wes
forced cut of the eapillary before taking the next manometer
rexding ln order to onwuze o Cfrogh surfaces Ab oooh nobential
end in ench solubion, froa three %0 £%ve meacuressato af
prosaure were zads by ralsing the pieaaure czch times The

asan of those values was used in caleulating the sufiface

vension,

{iv} Zlectriecal Hecgurements

Elestrode potentiols of she gereury were maasured
with respest to the calomel electrode ueing an hizh impedance
Doran potentiometer with an externsl galvanometer which could
bs viewed simultanecusly with the nosition of the moreury
thread in the caplllary, 4 range of potentials from zere to

=1300 uw¥s vith respect to the celomel slostrode couls be
applied to the meroury by a system of swltches and high
resistances bullt inte & bex and placed, for convenience, olose
to the eleetrometer (ses Figure Y, page 100).

tvl Solutions
Hydrochlorie acld mlutions were made up from the
rediotillcd constant boiling mixture usln; "equilibriun”™
woter prepared by dlstillation of &latilled water from alksline

— v -
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tasslum permanganste in a still equinped with thres 8pray
tapse  Zolutlons of hydrochlerte seld nads i2an once Cistilied
water.oave sindlar Surface.fanslon pesulis, |

Potasslun chloride soluiions were prepared frem

reerystelllsed analytiecd grade mterials s in previsus
eleetrocaniliazy mrk'w ultrawperi fication by presoloctrolysis
wWas ghown to be uhnecossary, Trase impurities whioh may affact
kinetle heterogeneous wrosesses ape thus generally lsss
2e¢port§nt 1o equidibrium elecirochenteal therandynaclo etudioes
(efe work on solia electrodes, Chapter v')s Zubbilme of
either purified Yydrozed or nitrogen im the selution é1¢ not
siznificantly affeot tio results andy in genersl, during

- @easuresonts no zas was budbledy more steady readings of

Prossure were then obtained und, with neutrsl @olutions, less

of volatile solute, eegs pyridine, by evaporation wse thus
&voldeéd,

(vi) Zeamnte Matertals Used

The following organio bases wepe investizatod:
Pyridine, 2echloropyridine, ceunlnopyridine, 1,243, 6mtotrse
bydropyridine, glzearidine, aniline, quinmoline and acridine,
in addition, s-uethyi pyridiniva chloride gng Lenigihyle
quivolinium chloride were examined, The initlal materials
were of high purity pesgent grade {Fastmap: ane Lights) and
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were redlstilled or pecrystolilsed, In the ¢2sec of quinoline,
and of pyridine and $ts 12quid darivatives, the dlstillotion
¥ad carried out in nitrogen to avold acpinl ozidatione The
finel produets used were rejected unless quite colourless,

The purification of aeriéine end the preparation of the

Hemiothyl quatornary salts were undertolen as ¢eseribed in
Chepter 'V:. Fop work in neutpal op aeld eolutions, the
organic substenses ware cade Up 0 imown coneentrations in
potassium ehlorice or bydrochloric actd solutions, after

each ruky, tho donocentrstion of the organic solute in sslvtion
s chéeked unere eppropriate by & seasurement of the ultrs
violet extinetion on a Seckmamn 1,0, spectrophotoseter using
provisusly odtained ealibration datas 7he highest
contentrations of hase stucled in hydrochlorie acid eolutions
were aufflielently low for 1t to be assumed froz the imown

PE. velues that the quaternery lon was always presest to an
extent of over 9§.99 per cente  Thers {8 thus no aubiruity

as to thelp extent of fontsstion,

{(vil) Heroury ,\
the mepeury used for the slectoocapilliary studies wnp

the "doublyedistilled” cpede wilchw as fupther purifiag by {a)
anodle olectrolysie in & mercurous nltpateenityle aedd solutions

(b} washine &n tulcoedfntilied uwster and {e) reﬂisﬁnaﬁo‘n n
vecuo® In an Mulett 83411 with g gupillady alp Yagh,
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(3) Eisotmossplilary Curves

Tho slectrooapillary curves for the dases prasant
as loms in hydrochlorie acid or os neutral molecules in
sotadsium shloride splutlon are shown in Fleuves VIZ to XII
{pages 1N to 116 incdusive) for varlous concentiations of
the additivee and at 26 & 3% ¢, The velues of the surface
tonalon ()' are plotted against the potential E of the pereury
electrode measured azeinst o calomel eleotrade in the same
folutions Liguid Junetisn potentisls betusor the peference
ané mepcury eleetrodes in solutions at Migh asdltive
concentrations weps henee avolded,

values of &, eould usually be deteratned botwoen
Ze0and E= <10 aVe At hirh nogative potentisle (less
tnan 2000 &¥.} valucs of § were leas roprscucitle then at
lover poteatials, ae previously x-e;orwﬁ.és‘*u This i3
probaily due to the significent bydrogen evolution which
occurs and to the corresponding discharge of the lons of the
base {in the acld solutions)s Usuelly three ssparate
deterndnations of O/ uare mado &t esoh potentisl and

concentrationy at high mepative polentisis, fve deterzinations
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Flgers Vils Sleetpecaplllary curvoes fod

8¢ Plpericing in ¥ K2
(1) 13 %03 (2} 7058 x 2073
(3) 20272 3035 {§) 6,12 5 1020
() 250 x 10755 (8) 3,98 z 203,

be 152, 3, 0etetrahydroprridine 4n K X0
(1) 15 X3 (2) 1,75 2 2034
(3) 52203 (4 k.38 x 10°3y
(5) 9.3 x 202  (8) 2,86 x 10°by
(7 73 x 30°1,

¢s Zezminopyridiniva chloyide tn § HOY
o 18 5Oy O L3 x 207y
A 520 3 207 A 1,13 2 20"
0 ko= 10%%x,

de Pyridive in ¥ §C1
(1) Iy K1y (2) 2435 x 26y
(3 LWx10"hy () 3oz 10%34
(5) 6o x 10%%5,
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Flgure VIIIt Hleotroespillary curves for

e Apiline in ¥ XC1
i &g 0 Y223z 20"
6e10 3 10°%; 1 2470 x 20°%
7085 2 20°%%; A 1,70 2 10",
be Anllistem chlordde in ¥ HCL |

A 18 RO A 300 x 10°%
1.2 x10"34 0 360 z 10°%
ezt 0 ke 2107,
Ce Pyridinium chloride in ¥ 501
o I 1Y 0 LU x10%,
X L5725 O sdlz 10"’2;
A 18 x10%Y A 165 x10%L,
o «;'yridinium chloride In ¥ 50}
1) Iy #Cl 128) .00 =z 10'6:

(9 SBx20"5m () 228 x 107y
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Fleure IX: Tleotroocepillery curves for

8e Fipericiofum chlopids in 5 EC1
(1) It 5013 (2} 2,55 z 103
(3) 769k 220°%; () Lo 2207k
(5) 2e50 3 30", |

be Jeanizopyridine in K I}
® 17 x0)y 0 243 4 10%y
% 3,72 x 2073 A 3.05% 10'2‘2*18
A 17 2 10%kg o242 2 10"k,
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Flgure Xt Eleetrocapillery cupves for

8¢ Zechloropyricinium ehloride in B RCY

R B 3402 2 20%3
0 7% z 10" 0 3.02 z 10°24

N 7e50 x 10™% A 247 =200,

be 2echlorspyriding in ¥ 301
o I¥ %o 2 Byi x 20"y
O 248 x 1073 A 3,80 x 10°3y
A a0 5 10%2,
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Figure 8I§ Zleotrocapiliary curves
Qs 152 3y Setetrabydropyildtniun ehloztde &n & Hol

o 1IvHCl 2 2669 z 30"

0 Bu433 1073 0 ke z 10°3

A 143 z20°Ls A Loy z20°%,
b Pyridintum edloride in 0,18 4501

B 0.3 ROl X 38 2 10%

0 1e27 2 20%%; O 328 x 20%3%
o 1,07 z16°%,
Ce Pyridinium chloride in 0,31 Hoo
o 0033 5y 4 703 x 10y
0 285x10%%  x 1,07 x10%%
A 3.2 x10%,
de Zyricintunm chloride in Se0% H(L
5e05 HLj 4 6412 z 20"
6422 x 10”3 4 245 x 1070
x  beod z 0%k,

(8 3
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wers mades feproducidilily of cavete predsurs mensuvenonts
wad & Co02 @ Bg up 0 T @ #5600 &7, about £ 0403 mus between
E = of00 and o000 GV and about & Gel mme boyond this
potentlal, Xlestrode potentizlo aouid be kopt constant to
better then 3 1 m¥s “ime variation of preseure roadings ot

e glven value of ¥ was instzntfleant over perieds of ten
ainutes exompt ot the higheot negative potentisls where
reduction of the base and evolutlon of hydmozen 4n the end

ol the caplllary were no doubl responsible for the semil
variations observed {cf. "sleotrocapillary viscosily” peported
by Sutloer and Sekrent®d),

{21) Supfese Txsess and Adssrotisn Tasthopms

e quantity of baso or conjugate lon aduorved st
the electrode 1o expressed Ln tems of the murface axoess /|,
ef the organic spooies and hes been defined in Cheptep I
{pages 2vJs It will e Dotad frem the thermodynamics {see
Chapter Iy ppe JV of seqe) that /7, nevesearily refers to
both the quaternary fon Ei' sad the neutrel bsse He In acld
solutions, hovover, where & > ., o “55‘ the agditive
16 simost entdrely Lo the form B The guantity /7 4 oaanot
bo eplit wp mto /7, sag [T " without introcustion of
nohethersodynanic aseumptionsy howeved, im aeld
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solutlons with &ﬁ* >> aw‘,, i =oy be anezaip&te:!mﬁhaa /7 N
will approximate closely to /7 ot v the cese of
quaternery 82lts, ecoge Hezstiyl preidinium calodide, o
anblzulty is involved aluce mo proton equilibeiuve SEOUrSe
*i%h pyriding, for ezample, having g phy walus of 5.19165 and
et a concontration ef 10'2 Hy the consestration of pyridinium
lons &n 140 % BC1 46 some 3 z 10° tineo lapger then thst of
pyridin;a molocules,

From the 0ibb's adeorption equetien /7 4 e
cdbtalned as

(0¥ /a/s:g.,/m « [, (160)

22 discussed previouslys Doteraimstions of 7 et various
aetivities of the base or of its loms then glve

w{ éx /RI‘ () in ﬂ&}z'/lrvﬁa = /’Iﬁ ‘ {181)

or & corresponcing egation for zeasurenents in'potassiw
chloride @wlution whore /A 01 is kept gondtants” The mraeé
reforence plane [af Chapter I, i) (48} and (41%), and ¢ {Uj
15 chosen so thet [ By 2 0and the /' 4 velues hence pefor
to amcunts of organic solute adaorbed in the double layer as

conventionslly pegerdeds [/ 4 18 henes exvracsed as elther

® 4 tyoiesl plot of I versus dog 8, (for aniline 4n ¥ K6l
solution) &5 shown in Figupe XIT 0 {nage 116)e

o Evidence supporting this anticipation is discussed further

in a later section of the thesis.,
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tiae corromponding ohiaPee oF /7 A /“-coulamba ca‘.’a or 4

2

awles eas”  when uslng equation {1001} el resulls wers reforped

o the eiesirseaniliory cusve obbained for the pupe hydroe
cilorte aelé or notesslun caleride colutions initlally contelning
no additive (these are the so called "prisitive” or "vase”
solutions In the ternfunlosy of elestrocapillspity)s In 51l
pung, delerainations of iae inltial elocirocapiilary curve
for the puras 8alt or acid solutlon wers sade prier to adcition
of the organic Solutes Adsorption isobaerms wers obtalmed by
plotsing valuea of [’ 4 8gaingt consentration of the orsanie A
selute and ave shown in Plgures XIII to 7V on pepes 120 o 122,
In neutral sslutlons, the aotivitler of the orgenie
bases were sesuuct to be egual to thelr comcentrstions at the
low concentrations uced (less than cas 0401 H)e The activity
coefficlents for the lonised bases were based on those for
sodiua toluens tulphonaaeléé by using the datup for a salutlon
of this salt at the appropriste lomic sbronsth, Date for the
"aueternary® (5%} tone or pyridine and other bases csod sre
unavaileble snd tho orgunic toluene :sizlphmaw ton is thnt moat
closely relnted in structure and size to those &iudied here,
The above approximsilon 15 ::ggax'dec} a8 3 dosirable Lmprovenent
on the ssoumpiion of unityn f;r the activity cceffisiant of
the opzanic lons, parbieularly Zfor the hizher concontrziions

of sse In the seld zolutionse e may observe that in uulng
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Plgure XIVs adeorption Looth-ras at ¢ifferent

Be
be
Co
de

electrods potentisls

2eininopyridinium chloride in & HCL
snilinlum eiloride 4a ¥ HCL
2eChloropyricine in ¥ 4c)

dyridine &n I K01,

N
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Figure XV: Adeorptlion feothorms at difforsaut
oleotrode potentisls

8 Pyridinium chloride ¢n ¥ 5@

be ceChioropyridinium chlortds in 7 40

¢e Plperidiniun chloriée in B EC

Ge 192y Yy OeTebrahydoopyrictalon elilordds in § HOL,
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the dala for the toluena sulvhonate salt tnstead of fon
"oyriciniua® and rolated sslts, 11t:lo error will recult

sines in the dilute solutions used tho estivity coefflcionts

T R S N TP AT LTTE
al b e i s
¥ 4 Sl e i

of varicus unisunivalent salts are oot very dependent uoon
thelp 8%1‘9@%03‘8.167

{812) Ionig Gomponents of Chareo

The fonlc components of charpe withina the double
layer may be determined by Sacing the follewlnr considerations N
into account, ¥e can rewrite equation (00) {paze 63 ) in

the followin: mannep.

q‘_a?"/.?*aqs.q. (102)
% is the total chargsy q, and q represent the resmpective
charges due to the total surface excess of poeitive lone
ané negetive ionds Tho toiel chavge Qg W3y bs daternined
graphicelly from the alopes of the electroompillary curves,
sinee by rewriting equetion (76) with respect to the ealozel

electrode,

0Y
- = {103)
( ‘”‘1>/M HCL[ & e

P | + B3Y Ve oblalned frox equation (78) aa diseuesed previsusly
L PY-

DY &
5 nn . S e (10!3)
/ : [ Femat [ a *



It will be soen that /7 fllowy fron evaluating the 2lenes
or AJ -//4 Loy CUIves for constant potontiel with roapect
to the colonel eleotrode; arc alon for sonstant cctivity of 4,
Lote 850 According tc the thermodynamie anslysis wbieh
rozults in equation (30) we have sesn that for an organic
base, say pyridine, [ o actually represents the sum
(7 o+ 7 Joer([7 % [T )y snd thet there
B By 27 0

are no thersodyﬁamically valdd meons of ovaluating either of
the two quantities individuslly., Heneo to satisfy the
requirezent fn equation (104) that s, be constasty we aust
obtain surface toralon walues for eonstant ratios agg* H aggz

(ora fa ). Thepcfore, {A) 5 esy be
’y  HC) +/
{.'.

interpolsted fron the clectrocapillsry eurves at various
coneantratlions of th. bose and nydrochlorie acdd, and plotted
a8 a functlon ot//A el usin; the valuos af the mean activity
eoefflcientc for Rycrochloric aoid solutlons f& wpy Ziven by
Harned and Gwcn.lés
The eleotroeaplllary curvea Sor varyin~ concentrations
of pyridine at four different ocneentrations of bydrochlorie
acid {0el, 0433, 10 and 5,0 ¥) are shown in Figures VII ¢ and

Xl'b; ¢ and de The actus) valucs of (AY }E, & Ja
Yy iHC)
2y be interpolated from the plots of { ) ); ssalast




e Je 3 [, welecs apre dhen calovlated fros the slopes
b4
:‘Cz.

' the curve (Aff ) , 8 Ja e 1oz 81y using ejuation

I“-\ &)

{10L), mamely

D |
Y ), 2 o /ﬂ* {10¢)}
HCY :.cal’/"v 4 ‘
Heving obfeined qq end q, {er F [ +Jo 1% 18 o sleple matier ¥

to evaluzte g (or o7 /7 cy,) FIRce 95 = q, ¥ 9,0 Furtheruore,

w [ 4 B8y be caleulated from equation {103}, ané ¥l /7 .® /[’ o)
| iy &

can bo obtalned” from equation {72)e The {ive quantities,
Qe Yo Gp P/ end P /"ﬂsﬁ,, - /793") sy be groshically
plottad as a funotion of potentlal; sush deplved resnits
wi1) be presented, for conveniense in the next Chapter (section C)e
By o cinilap set of ealeviatlons using elsetrocepililery ecurves
obtsined for varglng adoorbate soncentrations end varying asld
concentrations, the commonents of charne 23 v funetion of
votentisl for quinnline msy be odtolneds

The componants of charpe for dolutions of Yeiethyl
syridiniur erloride in three hydrochlorle meld solutions have
aleo bnen~ svaluated from olestrocspillary data. The caleulations

MR R

Here we are necassarily involved with the sum of twc terne
P 3,00 98 /7 gg0 IUGLI by the Farmdaye It 16 evicont

that only the first has the cloar physieal significance of
8 ehal2ee



are sytednst slmples thun these for ulacline or nyridine
in that the requizenent fop &, Yo be constant §s more eastly
act:ievedy It 1s unnecassary So fnterpalaio surface tonaton
values at gonstant satlos of amjaﬂmg Remsthylepyridiniva
chloride 18 & fully lonlsed salt 4o solutlons and the
concentration of the positive lon, Semethyl-pyridinlum (e ?y*)
18 not dependent on the variation 4u activity of hysrochlorie
acid, 'sinc{s thers 15 no proton equilibrium,

7inolly the osee o pyricine in geutrul potaesius
chloride solutions hua alsg besn Lnvestizsted and the

components of charse determined,

(v} Accuracy of Resulia

Systemutis errors in related work have boen ¢iseussed
previo&sly?’l'&s and w1l opply almost gqnantitatively to She
present Gsts. The followlas differences from the previous worik,
however, cive the present data (for acid sclutions) somewnat
lower systemotie errors: (a) the use of a calomel electrode
in the ssne selublon, thua svoliing liguid Junctlon potentials
or local concentration aetafets detween thoe veferense and
mercury eleetrodess {b) corrections for intorlenic attraction
effects in caleulating /1/\ A* Overall systemsdic eppors in /7 A
are hengs sbout 10 percent {efe 31, 63) an¢ w11l tend to ze
lower in ths dilule solutfonas as ho ratie ‘ﬁ(:l/“a bECORES

larzer,
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sefore procesting to a quantitative deseription
of the errors inherent in our experimentsl eonditions, it
would be appropriate at this point to mention the following
factoray (1) reversidility of the calonel eleotrods in
hyérochloric acid solution eontaininz the orranic lons wad
demotstrated by obacrvation of the rapld resovery of the
calonel eleostrode potential to the came steady valucs after
tesporary anodle or ecathzodle polsrisation et 10'3 ampere entz
using ap unpolarised olectvode av referense} {2) an advantege
of usin: tho calomel eleom:de here 15 thet upon 1§tvaducc&on
of the base fnte the aecid solution the comer':tmtién of
potentialedetoraining fons (C1° in this csee! 18 unchanged,
If the nydropen elestrode 45 uzed, some of H3G’ fona ars
replaced by “ﬁKK;" glving en upvanted change in the potential

of tho referenas eleetrade for whiack corrections must be mads,

{e} Suantitative Deserintion of Fanerimental Tmrors

The valug eof 8309 deerensss a3 o presult of addition
of the orzenie base te the ssluilon, therefore the constancy
of M 1y 10 equations (101) and (103) £s mot ezectly fulfilleds

. Correspondingly constapey of /Q‘A  in equation (104} 15 odtained

for a 8lightly difforent value of /m 03 than 1f the
eoncentration of 5230* had penuined unchanced, The errop Az

may be exprosdst 28 follows:



Vo (106)

Since the orizinsl concentratlon of the nydrochlorie
acid i3 co, gey s the concentpation of the ‘&3{9" ions in the
cell decreases by an amount {dentieal to caﬁ’ in the finad
solution, Le6e it becones C y... « C ., Wherses the C1°
e?ECL M
concentrution receins unchenzeds Heglesting any changes in
activity coeffiolents arieing from the enall shunse in s,o’ |

conceniration the error becosed

0 X
é m dlog (l e cm‘/c%mn) {107)

The errors are avaluated below for the moximum valus of
EK«I’] / [écl] @ 0,1, and without attention to sign, Since
dlor fle cw‘/co'm) » 04044 and w; differantial quotient ‘1
Is (207) for q, < S v eoulonbs en"* per log Cyoy unlt we
find thet the orrer in gy Soe A g 18 equel to

g {0a0L6) » 041 /meoulombs en°2. Yor ¥ [ a° and ¥ /7 A

the differentlal coefficlent 1n equation {107} did mob excesd
& /« =soulonbs per lop cm coit, henee A7 [ 4 ® AF /[’

a*
= g (0u0h8) » $0,55  pecoulosts ™2

Assuming that the lnherent errors pposess the same
slgn, we obteln for the total inherent evror tae follouing

values piven in Table ¥,
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Tabls V

Exparisental Ferors
A g, | = 20,1 [econionds 0a"?
A F N o 3 & 0.55 ' eouloata cg°2
AEM = & 0,55 ' coulombe ¢m‘2
A Fﬁ .® /7“} s 213 /-ccnlozabs e™?
30
A & e 2047 /V‘-eoulcmbs o2
o NS R M

The evaluations in Teble ¥ conscern maxzimum posaible
gystematic erropse ihelr alpnificance In relation to the
absolute valuss of sxporimsntal quantitlies elsarly dcpeuda'
upon the megnitude of these, A8 2o “grder of mgnituda“
atntement, the inherent errors in P [ ana g values are
1 /v. coulomd cm 2, and the mean order of magnitude of thess
quantities 4 sbout 9 /m coulombs oa . .. tho systematie
error hao a mean relative magnitude of about 11 percent, 7hia
velue 18 lose then that of 15 porosnt shows by Blomgren and
Eoc‘xrism‘ because Ln our system there are no errors arlsing
from use 0f 4 reference clostroce Lsolated fron tho compartuent
housing the espillary electroces In Sockris and floazyenla

work the hydpozen peference eleetrods was not present 1n the



sanie mlu.tion as the capillary, bui ressined in the orfzinsl
hydrochloric aeld solutions Therefore ¥ the potentiel of
the nerecry elootrode voraus the hydrogen olegtrode 763 floved
from the idsal walue by o ssount correspunding to the

¢t {ferenco in 830' coueen&réticn between the ths solutions.
™his introduces aéditionai errcrs in ¢ and [7 yalues as a

rosult of the inconstancy of F?.



CEAPTIR TV

L] ﬁ'\l.f“f‘) SR aL AN LRI A > Y dialt 4
gaa ’fp Lhde Uuhh?a:.hui A‘t-o ~&54ms.ﬂ

DISL SE100

Lo ADSORFTION OF LHUTRAL ORGANIC BADWE

(1) ?'reugnag Remurks

In Seetion 4, the dlacussion will be linited to
the adsorption of ibe moutrel cpzanlc additives et mepoury

and Sestion = will e devoted to o comparative éiseussion of
the adsorption of the conjuzate louss Thls wlll be followed
by seotion C which contalne & commsndary on the lonic
components of charge 1o the electrieal doutle layers Flnally,
the Esin and Harkov =ffeet for lonie ead neutral organie
adcéitives will be examined in detsll in Seetion Dy

Althoush measupemente of sbanges of aurface tension
or determinations of the surfece excess of sone neutral
moleocules have been mnde at tim zereury clectrode {locs clte),
1ittle attention hes beszn paid to the nsture of the adacrption
fsotherme and o taslp Quaniitative Interpretation or to Sho
detolled siructope of the doudle layer in solutlons of neutral

melreulea in slectrolyte. solutions,

{48} Fora of the Fleotrocaplllart Gupved in Heutral

solubtiong

Seference to Figuves Vil to £l indlcates that with



011 the cyelle bases studled, the varietlon of thc lowsring
of mupface tension AY wita ¢ 4s quslitatively {iffepent
from that found with aliphatle arines op acwa.@:" Thus,
althoush there L8 & prelatively sharp dosorption of the base
at polentials anodlo $o the poteabial of the sleotrozanillary

zexizum, pateide

» throe 40 ocontinuous stronmg adsorption in all
ceSed up to ihe hichest nesative values of U used, 80 that
there 18 no sharp mazimus in the adsorption of these compounds
near the Getee potenilal as Lhere ig for sous sliphatie
comyounda.éa'qs

#4th pyriciae snc 18 hydrogensted derivatives
1524 3y Smtetralydropyridlne and plpariding, thio Sendeney is
zalintalned (Figures Vil &, VIl b, ond Pgures XXII and XIIZ b)
and i¢ hento not related to the aromstis or 7 werbitel
eharsoter of i{hc rincs, aldnsurh speeifie effents on the
ggagﬁgva branch may bo connected with 7 eorbitul interaction
with the electronedeficient mereury surface {(ase below)s

The eurves for both anlline and dwpnlno pyridine
{Firures VIII a and VIII b) show sign!ﬁrxanug areater
symmebry thau these for pyridine and 3s hydposemated analoguos,
Thic difference ariscs mainly fron the greater asurfece tonslan
denreccion on the poettive branch wish the gaino compounds,
The dipole momonts of the moleculss {aniline /“ 3 1451 D
2eazinopgrictne L = 2017 Def anc pyridine /“ @ 2,22 Ty)

cannot account for thie lexavioup throush 2 intepastion of the
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moleeular dipole with the eleotrode fleld since such an
affect would be amaller for aniline, and about the same for
2ecivopyriofoe, compared with that for pyrldine lteelfs

Wtth 2echloropyricing { oo 322 Do)y the elestrocapillary
curvs 16 apain mope symmetypicel.than for pyridine, dut in
this case thc hlrher dipols moment could dead So a polctively
enhanced {elostrootztic) adzorption on either elide of the
eolells 85 clacussed below in ternms of the free enermy of

adsorpiions

(£44)

it varfious electrode potenticls, the polarisction
and dipolesficld interaction enerzles, ¥, and T respoctively,
will vary ené cacoe obanges of the surface excess of adsorbate
and of the eorrecponding standard electrochesical free energy
of adsorption with electrode potentlisl d,, nataured with
respoct to E2*9°%%, The substanees studled have various dipole
mpaents ant polerisabilities, and the values of :‘/A and B»’
at ﬁr 8 0,2, Ooj and b volt are given in Teble VI {page 134),
gssuning that o the 1b hydroohlorie esld o2 potessius chloride
solutione used the potential drop aercss tie felmholts layer
duy to exoess eoulosble surface charse 16 approxisetely equel
to f,o Thoss valucs are calculated assualng the molecular
dinols 1 normal {but sce below) %o the mwc’ux"y surfate [ efs
“lepat et alg{j s leve adzuming thet the locai foree flcld Lo
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sufficlent to wake the energy of the dipole in the Plolé
rach groater then k7. Elostrostatle contributions Lo the
onerry of water molecules of the interface are also recordeds
Upon edsorption of a molecule of projected surfase aves A,
4/a water roletulos ruat be desorbed (i 2 is the profected
area of 520) with 2 gain in onerpy {;2‘. I’m}.erg:j of

2T, a0 3f 6., ., &2 the ndacrption enercy of one wntop

o ue‘l uav

modacules il velstivo uapnitudos oF Ll thooretival clectpoe
static enerry efleste inveluiing lusge potentinis ape

pumiarised in Table ¢I {pages I3k, 1357

(3v) Sho Agzopptiaon Isstharms

Iz thls settlon, tho Alscusalon &3 corfined to the
resuite o neutpal molecslos end the comparisen with those
for tue u»mjégste fons s roferred %o in seciion B af this
Chaptere The elastrocanillary data lead to adseeption
iscthorme at vardous constant electrode potentinls ard the
jzatherss can b2 treated thermodynamically in & formal way
exsctly analogous to thad previously piven for adsarptlon
of ions ,31 vhepoupon tho Langmulr 4soterm gan be writien
in the followdng fommd

s _0
In [ R2 , ede] = e ATAT (209)
|t
L
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were AT o the otandand electpochexiesl freo enercy of

adsorption of the bacs A at - eoncmeratian CA corresponding
to a fractlonal surface coverape of 8 /\ '{’ Pant

repregents *.f.he difference of standerd eloetyochionical fvoe

cnorzics of adecrbate and edlvent peferrsd is standard states

of unit mole fractions of acsorbate and wstep in solution and

unit suprfsee mole Sraotions of these eomponents in the

gurfece phasss |

Tho derivation of ogeation (103} will bdo given &n ‘

detald bolov becauso of $ts importance in the interpretation

of the adsorption behaviour to bo dlecuased in this pert of

the thesise The dedustion of (103) imvolves the assunmption

¢f no intersction betwson wolecules in the sdsorbed layere

If the adgorption of A is considered to be "fdeal® (sere

intepaction betwsen adsarved specles), vo ectivity cosfficient

appeerg in the exprossion for /f : {the electirochenicel

rotentigl of 4 ¢n the surface layor) which may be wpitten

/722

g&ml aerivat,o:: published by Dockrls and
rmovtant tyrogeaphical errops have been

om- oom in tho ocuauom. Thegse srrors are corzested
15 the presont treatrente

/’A"" ¢+ P06 {109)




01380

vhepro (‘f 2 18 the aleotrochenion] ggmtial of the

adearbot ont&ty.a, Z 3% represents the standerd elcotroe
shemical potentlal pofwrred to g stendard sbate of umld
surface mole fraction and @ 25 mentloned sbove is the
frection of the surfacs covered With ae

Por uater adsorbed on tho sleetrode, and fop
conditiony such that spegific adeorption of othor
substances than wator and the oppanic additive iz neplipible

« 30" Ak mBp -0 (110)

wiope A °’:0 15 the ghemjcal potential of the edsorbod

water roferred zo o auwrface zole fvaction of unity.
Corrasponidingly for 4 and 820 in tho solution we can

This term will alse strlotly apply to zwoutesl polap
adsorbod spocles whoro an elsctrostatic Iield polarliestion
energy of 1/e{d  + 5%3?‘2 contridutes to :’“. 4, and

7 belng the polariaabiuay and dnole moment, sespoctively,
The thermodynamics of dipnlay molsculee in £lelds, as treated
iz Gugpenheimte monograph, oon bo conveniently examined 4n

)

terms of guch slectrothemical potentlslin.
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urite

—~ 8 048
/“.». ”/a + R lngf (12)

wiere - : 16 the elestpoehemicel potentiel of A in

golution and ’Z" i tho gtandapd elottrochemicsl
potentlial of A'referred to unit mole fractiong and

g 008 + 09 1n o (112)
z -
/ 1,0 / Hy0 %3,0
wiere /4/» E' o 1o the chenical potential of wster in
solution and Va §2'g 13 the standard chenfcal potential

of water voferred to 8 standard pbato of unit molo frastion
of wator in solution, How aince

_a ” _8 8
/’“A - /nao “/A "/‘Aazc (3
and demoting the difference in standard electrochemlesl fres
o
energy of sdsorpiion of adsarbate and water by Ag

0 ~ 02— 0,8 ] g8
AT o f/u '/A be ‘/"329 '/“‘a‘._,a’ (1)



- 1‘340 -

2y expanding (11}, usins tho relationship im {113} ond
eaneelling terms wo ayrive at

a
- .0
- 4% s {(,-—5) .2 (a1s)
®4 |
The patlional eetivity a;‘; of & 4na dilute solution cam
be exprosgsed aprroximately in fopms of € A? the =cliny

]
consentration, by the follouing matﬁ‘;mh’

.
a %.20 c&
8, = -

1000 /323

. £ (226)

whare ¥ 300 and / 1,0 are the mologular woight and density

of watop respectively and f} is the setiviey eosffielent of A

at the goncontzation Q‘.‘o

Feses (115) row becores
o
c AW = I [ 2 “’5'] (7)

waich 1a {dentical with (308) expopt for the activity
costficlent £5o If this 13 unity, equation {117) recuces
exaotly to (103) =nd 1s eguivalent to & Langemir dzntherm,

then sirfaee interactions oscur, we would have t0
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use (109) with a surface setivity coofficlent fg 4a the In
o hat {117} would them bo writian as

10 &-—}3. %fj+mr9a-A‘§°ﬁw (126)

Any deviatiens from (108}, the Dangmuir Leotherm, W1l cppess
a8 an apparent variation of '50 with coversge or, in
oquation (118) are ezpressed by the tepm 27 1n fg 8¢ vorlous
values of 8 whers £, can be written in terms of {Cyy)qe the
“noneldeal® fres enersy of intersction of the sdaorbate dlpales
at tho eoverage 9. It 5 evident that the Serm fe will be

fe = -(Gn)c]/!ﬂ’ ' {119)
{v) ugtion of 8'0 at Vi Flostrods Potantia

Pros Flgures XIII, XIV and YV wo may convert [’ A
values into corresponding & values using values of the

ApBBXs for a monolayer of adsorbate
aoleculade The value of @ thus caleulated will depend on (1)
the orientation of the molecules at complete toversge and

(83} the projested effective area for the molocule relevant

to that orlentation, For meutral bases,; the observed /.4

maximum suprface exo088 [

AyRRXe
values correspond most closely to adsorbed dipoles of the based

standing parpendioularly to the surface, (as also deduced by
Clepst ot n.“) tsiog walues of the projected moleculer arees
derived from messurecnents on large ssele Courtauld atomie

20Gol8,

3

e e LT e
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&% various conventrations md potentisls, @ een be
doternined and hemee a‘éo. VYeluas of A'ﬁo, the change
of ptandapd clectrochonical potantial, 8% 6 ® (% ape showm
in FMlgure VI (page U3) as 8 function of electrode potential,
in all capes A'ﬁo fs ot symmotriesl about the Geteme
potentisl, beling relatively lower on the enséle bpanch than
or the cathodle probadly owing to preferential solvation of
the olastroregative ends of the Hegontaining moleculss by
vater whon they are oviented with the lone pair of olecirong
on X cutwards from the mercury o the ropetive branch [efs
sefarence (C6)}e 4% ancdle potentisle, A‘u’-’o falla off,
prodably outng to preferentlal adsoppilieon of the snnller polep
soivent molocules ,93 to ingreasing population of the doudle
layer by epeoifisally adsarbed chloride lons and to reorientation
of the sisorbute ap dimsmi sboves 7 wopbital offects )
&nd corparisons with 4 T velues far the confupato lons '
will bo dlssusped i goetion T of this chaptore '

Thoes w112 be lnvestigated Ly evelusting A@a LY
8 furction of & and deducing the matwre of £y in equation (1194
here, to e first appraximation, G, will be composed of (1}
an electrostatic dipoleedipoale intemeotion term depeniont on

T

—
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Flgure VI Values of AT (&= 4.8 for the
orpanic bases a8 a funetion of

elootreds noteatial ’S"cal‘
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the average orlentation of, snd asparation » betueen, tho

molecules in the interface; and (14) a Van der vaslselonden

interaction tem.q‘? Gyy Ray henoe be written per mole ()

of eplecules in the surface layer with soordinetion muzbey n
as approx&mtelyﬁ

Gy ® -15 in g (120)
whare
2
ﬁ k- ] - B .
e aa

for Gipoles oriented mmnyﬂ tc the murfacs, and /4 ip the

dipole moment of the solute molecule, & s the dielestric
constant of the surface layer, S o the electronie dielectric
con:tanea' 40 the surface layer and 2 the Van der YaaslselLondon

RGRT e

® Here we nssuze with mmm’*” that the elooirostatic .- .
ﬁ:mm eorzy of interaction of the dipoles 1s the main fastor
teradning Gye3 oFientation entropy offesis ars relative
teglipible, e "Ststistleal Thermodynamics”, Terrell i
Addison~Wesley, 1960,.pe. 209). ,

** then the dipoles spe arianted ab varicus angloes in space,
the elegtrostatic components of ﬂu becoae/#, far two dipoles
A 808 By

2 ‘e
gu.iﬁe;j (2 ‘308/5A eos/\,ﬁ.- sm/h a:fa cm(ﬁ{;g - fﬁ)

uhere ) , and /) 5 ave angles of ianclination of components of
the dipoles in the surface and f& and YE aye the angles of

iuclination of the dlpoles to the surface, Under these general
condlitions the rewlt for the aversge lutersetion enerzy s
rataemstieslly intracteble @: #4tehalld?5 Jout {8 soluble for
a completsly oriented monolayer, 48 aasw ers, where the
intoractions betwesn the solute dipoles are all repulsicns,

O T R S O N R ETRENE v |
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cosfficients The quantity © orizinelly siven b7 London's

oquation, 1s now Pogarded as belny represented better by

i -2
3 e g &z h )/e(x {122}
Where 8 1o the effective number of optical @ispersion electrons,
G lhe number of eleoctrobe im outerzost elestron anells of tic

mwlecule and X the electronic polaricability; empzricany"e
8/2 2 0,39 80 that

3w ob7sn Y, x2 123)

andt 72
Y . & B3 (A yv/2 (1)
sotlng that

Ao TH, ra |, of 83

uhere R 15 the "radius of the organic adsorbate of avea 4,
wo obtaln

2.2 3
- & . Zhe

(’che ¢ipole term con also be conveniently kept in the form
L 26¥2/ 5 Y2, me grantity o)y @wule beme sy
linearly with 03/ o the caleulated spporent A ¥ values

should deeresse linearly with 03/ e {except &6 € — ) when the
ctiractive forces becoms siznificant),
Tests of equahion (120) uslng ﬁn fron squstion {125) |

are shown for Zechloropyricine, 1,2, 3, betctrahydropyricine, i
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pyriding, ang 2eaninoprridine and anlline in Floures IVIT 8 b
and XVIII e, be In these Floures A “:p i0 plotied azainst
93'/ e onlye The élanersion tepm in 93 only becomes eirnsfisant
ice > 22e Qo Wity M 4o the surfuce layer toven giout
twice its normal value [&ee belows page (52 , references
(175, 17¢, 177)]. 8o vallélty of $he plot in 93/ e alone
18 denonstridod gosstariorl by the abuenee of g a2inimim in

A 750 eicept for aniling, ans iLhen only st the highest
values of 03/ 2.

For pyridine and its dertvatives these Fizures

8aow, ia fees, that A ?:v'og anc henee Gn, verics 4n the ‘
treoreticelly expected way with 93/ 23 “here 15, howsver, &
revarkadle sharp brésk in most of the curves axtept In those
for the least ® T edeflcsent™55 moleculeﬁjeoammopyridino
and ariiine, In sseessing thege results, we may note that
no other function of @ (e.g, 01/ 2. Oa) pepresonts A 6° o
well, ziving defpite linear rezions, &8 that hased on 63/ a.
the theoretically prodicted dependenco on 6, The gharp !
inflesions in the A?:’o - 63/2 llnes are aleo net the presult ‘
of zny (inevitable) arbitre=tuosa In the cholee oF the 'fi,amx
veluess For Zechleropyridine the Ss36 kind of 1ino {eene ab
40C mVe}, but displaced to hiqhep A ?.?o values, 6 obtained
if we taie ﬂ Ay 00X e b2 x 10'10 rather than 7l 2 10'16 |
zole c:x'.'a {8ee Plgure IVII 3) e the valus for perpendiculep |

- & I
orientatlon. {
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: Flgure XVII:

o e

8¢ Plotsof A T g8 6¥° for 2eenloropyridine |

in i RCl at various elestrode potentials, ‘

Soli¢ Unea for [ Tuk % 20720 moe |

on" <, dotted line for Fm. e 5,2 x 107

aole on"%,

0

bse Plotaof AT s 93/ 2 for 1,23, 5etotrae

hyéropyridine and for eyridine in ¥ RCY [

at various oleotroce potentials,

| fz

; l
"
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Plgure XVIIIs

Qe

Do

oo X
Plots of A kL] 03/ 2 for Zeaminopysridine
in K XC1 at varlous electrode potentials,

(4] 3/2
Plots of A T ys 0¥° for andlime tn & X0)
at verious olectrode potentialas solié line
tor [ ax, ™ 7ol % 10" w10 em'a. éotted

line for = 8,3 x 10"’*“ 2ole cm'a.

I vax
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simdlarly, 4f &t e mBaswmed thet anlline {Fizure
“VIII b) lles flat pather than nopmal to the surface, a sinple
Une for A 50 58 93/ e {but with an increused slepe) &s still
obteined cege at Ecal s o400 aVs Tho inflexions in the A 5:’0-83/ e
ilnes for the bases other than aniline ape thepofore Quite
roal anc would appeer $o be Pestonsdly etiributable to the onssot
of "cooperative® ortentation of the £l of dipoles &5 the
surfece covoraze inereases sué as the fllms baeome wore
”condenaed”.”s

Fvidense for thie ecnclusion 48 given by the following
factos .
(1} The slopes of the /) ’(?o . 32 1ines inerease uith
inereasing fleld musy from the e0ens potential esrpesponding
to increasing orientstion of the molecules by the field, The
effeetive compouent 02 the dipole noruel to the surfsce (Loe,
in the direction leadtng $o repulsion) would tond to incresse
with the elsotrode flcld 8o that the repulston coelficient
Ja 2/ za 71‘3/2 83 of ﬁn, and herece the slope of the Aﬁo - 93‘/2

lines would inereass, Bouu yarts of the inflected nes spe

seen to increase in alope ar the eleetrode fiecld increasss
(= s}, deersasing mmerically), .
The faet that the i{nflesion in the AT w 93/2

1ines ocoup 8t widely different eriticsl velues of @ {op 83/ 4 i

for the different electrode poientisls mukes 4% unlikely that 1

i?
thej arise fron suddon changes of £, o waber structure ia I
|
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tho surface layers Suck behaviour would only de expested as
the mole fraction of water in the surface lager bocomes omel}
28 & —> 1o Howevor, there 18 apparently a relation between
the surface coneentration of odsorbate at which the ¢nflexton
cccurs and toe electrede fields At Yow fields nesr the €eCollgy
an hizh @ mot bs peached before evidenss of orientztion can
be seen anc conversely, % hizh fiolde, the inflexion occups
at low 8« e may Suggest thet orlentation sets im at &
critical net tetal fleld determined by {a) thas impressed
electrodessolution potoatisl differense and (b) the field of
other dinoles in the surface layer. Whes the ield due to N
(e} 1s low 2 hizh 8 must be reached before the field assoclated \
with (b) 1s sufricient to cause a substantial degres of
orlentation, and viee versas :
(2) The slopes (0 A Eo/a 03/ 2’?; of the steeper dregions
of these lines can be semieguantitstively accounted for in 1
terms of the Sipole moment of the molesule and the dielectrie
constant of the surface layer assumling coupleto orientation in ,
the surfece layer. This i Gemonstrated in Figure XII (page 151) '
whers the experimental A Ug - 03/ e slopes are seen to be
proporticnal to /* 2 ane to be in order agreszent with the

theoreticel slopes calculated using the ordinary dipole sozent
ané £ 62 1, In & number of cases the apparent dipole moment

relevant for molecules in a condensed surfuce £ilx 1s found Lo




Figure XI5t Test of oq:zation 118;7lot of slopes
)
(AT/26%%, ws?,
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te adout twico the moroml ?aluc”s' 177 ang with the more
reagenable value of £ ,é 2 [i.e. éaé n'?. the Haxwell
value for a élelestricslly satursted ordented £ilnm {ef.
reference (31) 3J alzost quantitetive agreement betweon the
exserizentsl and thesrstical slepca would be odtained,
(3} The vartations of the chanze of esteils potential

A Foscems, ¥t Joo [(concentrition ] of buse and with

( [ _J BeCe, 57 thOWD in Poures XX and ziI {poges 153e15%)

regpeetively, fvom which 1t 15 geen thst @ ( A E) aee ,\_./d ( ﬂa)e.e.a':

El

inerences sbruptly with ineresstn: concentrstisn or [Tye It A
is usually auggestedlsc’lm that ‘

AE e BIL i r (126)

5
€oCollls Eg

it sppears thet ne thermodsraate tasis nos vet boen glven

for this relatien {(ad it has for ths corbesponding one for lon

adsorption) and the valldity of ihe HeHels a5 an expreszion for
the surface potenticl difference of ar adscrbed leyer hes heen
questioneeo e & thermodrasmte relationshlp betwesn A ¥ -
ard concentpation or /| 4 Y111 Bo ziven fn o later section of
this thesls, _

For orleated f1lns the effsctive /L will be greaterlwdn
than for unoriented filzs and nengs A Tageem, ¥OULC chings :
sore rapldy with [/’ g after oriematizan had set in. Sueh an i
effeet 18 seen in Plzures XX and XXX, whlch thus swpport the |

hypothesls of relatively sudden orientstion; this hehaviour 48 i
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seneensration € in 4 X,
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A Piperidine; A 1@ 3 6aTotrae
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ales consistent with that Zound for the wamatics of A 7

vith coveragee It 1o to be noted theb brsaks ere not observed
tn the eorresponcing plots of A Eg,eom, L8 108 Ecoaceneratmj
fop the organie molecles in thelr fepig fore {eg. Geotion B

of this Chapter) and this leads to further indipect, i nesativey
evidence for the hypotheeis of orientstion of the neutrsl
mlecules mede heres It IS zékely st the A By tale

values and the alopes { 0A %/ > oY/ E}E are both connested

with the T-ormtal intersotions with the metals Those :
mleculee such as aniline and 2eaminopyridine having the least g
4 7(-dmrieioney” w1l tend to be the most strongly adsorbed “
in the ™lat" oriontation throurh the meu“ta: sonvernely,
the wore © Wdeﬁe&mﬁ” pyridine and hydrogenated pyridine
dorivatives will have 1ess {or Do) spesifie W/-emm affinlly

T e i e

fop the mepeury surface in the flat ordentation and szall flelds
or hisher surface ccncentrations will sore saslly ortent the
dipolar mlecules into tho perpendieulap positions Plgure XX
shows that the bigzest shifts of the BecRs AP0 caused by

those molecules baving least development of & conjugated

|[ wozbital eyetems The obsarved A Fg gm, vaLUCS 676 0L
dlrestly related to the astucl éipole moments of the moleculed

anc thig confirms that other chemlosl effocts ars mdifylng the
sonsnt effective in a dipestlon noresl to the surface through
orlentation sffectss Iimiler effects ape dlacerned in

Plgure XXI waore [\ By o, 18 plotted agadast the sarface |
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excods of the base; a criticel surface concaatration is resched
{eorresponding to orlentation At aeussed atovs) at wnlen A Ee.c.m.
suddenly inoresses, ard the effect ie apporantly zsaln relsted
to the electronic structure of the molecules Sinllar
T ~orditel effects ars esorled through to the comfugabe acids
{506 Section 5, this Unapterle

The anpmalous behaviour (ith regerd %0 la0k of
inflexion in the A?f’?o - 63/ 2 94v0) of =niline end to some
extent of Zeaxinopyridine govld le gocounted for as follows,
Tn both of thess molecules, the SHaegroup could provide a
component of moment pormal to the elogtrode surface even i the
phenyl ring wers lying flat with pazimug 77 sorbital interaction
with the mstole In the luicrfuce, frec rotation of Ny ¥ill
tend to be inhidbited Dy the proxisity of ihe group to the metal
surface god by hydropen bonding with neigabouring solvent
solecules 23 well as by ey eleoirede field in the double layeds
There cer henge apise 8 coaponend /}C of tae «fiB, group ¢ipole
{trisonozetric vector calevlation gives /Z 2 1,25 D) peraal
to the supface which will leaé to repultive interactions with
sae cor. sponding components of other dipoles, oince we are
supresting thet hid repuleive effect can apise with aniline
nolecules plready lylo: £ist we shall pot neteusarily expect
& chanze of slope of the A gp - 83/2 1f0es atiributed %o

onsot of Lnersased crientationy none is o {zet observed over

\
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the range of concentrations ezamined (goo Plpure XViIl)e Tals
type of effiedt could not occur with unsubatituted Heheteroe
cyclies or in cases where tho dipolo tchment of the subatituent

croup 10 in the sams plane &8 the ring and will thus not be
observed in the caves of pyricine, Sechloropyridine etee

{vil) Some Aspeots of the Adsorption of ¥ultlering
Jehetapecycile C

Sope studlea of the ndsomption et mepreury of He
heterocyolic compounds such ss pyridine, gquinoline, asoridine,
benzaeridine etas, were attempted fréh K X0l selutions., The
aleotrocupillary curves for pyridine have been shown in Chapter
II; those for quinoline are given &n Flgure XXII & (page 158)s
The electrocspillary eurves for aeridine in X KT1 solution are

not peported besause of the very limited range of congentrations
over witeh /7, could be determineds This 18 dus to the
relatively low solubility of seridine (determined spsctrophotos
metrloally a6 3o x 107 ¥ 5 will be Gesorided in dotail later)s
e solubilities of bensacridines and dibensseridines are
practieally neslightle { £ 30°5 x)y

Despite the limitations of solubility, & small Mk
noticesble depression of aurface tension Ay 'E 3 dynes o)
waz obsarved over a wide range of potentials for the adsorption

of acpidine on mercury from a solution whose consantyation was

only m“’ K, nen taiten in somparisen with the eleatrocapillary
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Figure XXII:

Blectrocapiliery curves for <uincline in
1580

1 ¥ Rely 0 B.08 x 16™5 1
1403 x 10’%3 X 2,02 x 107 1

8,06 x 10> &,

0
Plot of A7 yg 02 for quinoline in
1 ¥ £C} at various electrode notentiols,

|
|
%
|
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behaviour of pyridine sng minolling, tois pesult conflrms the
qalitative trend noted in the work on 8011¢ clectrodss
{Chapter ¢) tn.t the degree of udoorptlon purallels the
seloenlay slze upd 8elubility of tho adsorbate, Flgure VIII {4}
shows only amall widues of AY  gop pyridine concentrations
Within the raage 1072 € to 20°2 4, Inapestion of Plgure XEXI
inclcates thit quinaline bezing to teccae 8ignificantly edsorbed
by aercury at concentrations of about 16™ to 30°b He |
*yricine i3 infinitely soluble in water uhersas quinoline ]
16 only aoderately so, and by ecorpurison acridine is the \
least soluble of the thres compound e,

the adsorption of the conjugate fons of eultiering
Heheterooyclio basss eould not be detaormined as the aize of
the molecule was inercased bayond thst of quinoline becauze :
at nepative polarisetions the larze molecules, viz divenzacridine, !;
bengaeridine, scridine anc to gome extent Quinsiine in seld f;
medln, showed a tezdency %o block the cepillarys This mey bo
interpreted as due o dlacherre of the organic lom ot bich
segstive potentlals, whien converts It to the neutral and lens
soluble molecule,

Mo experiments dlsoussed hers on soltiering systems
were not entirely Srultless, alnec the comlcte eleetroeapillary
curved for a ressonable ranre of concentpsiisns of guinoline
in X potassium chleride solutlon were sugcessfully obtulned,

ang theee results have heen used to cCeterzine the meture of
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the crlentutlon of quinoline at tho meroury supfase by ezaxining
the A'é'o - 83', 2 plots at various potén‘ciala (8o Flpure XXII 1)

a8 doserived previoualy, The curves in Tleurs X311 b are for

Uie most part linear and there ape agein infleotions st nigh
conceatrations and at hipgh positive or negative £1elds, 4t
potentiols zear 106 0eCeme A '&50 appesrs $o bo the leass

dependent on 03/ 2. i3 zay be due to st opfentalion thmug&

T eorbital interpetion with moreury {efs Plgure 2VII b fop

pyridine st =400 mVe); this offect persists up to pather ;
hich values of surfece coveraze {63/ ?a 0oT}e &% hiph values
of 63/ 2, tho curves for potentlsls ncap thst of the Selelty i

deviate markedly from 1lnearity bui tuls offect 18 quite

consistent with that expeotsd from the operation of Van dep

Wasls attractive forces at hipher coverszes {cf. page ANV ), 3
In general, 1% woulé appear that the rosults fop quinoline %
SupDOrt the previous tpebident ziven for single rins Nehsteroe 1
cyelie budes, .

(vE1%) Surfzee Charce 4n the Presente of the Routval Pases

the surface charye on the meiel Qy 4@ obtained from
tie Gibbaelippzann equstion as ,
ogy ® (30 / b::)/MKGJ../M& {127}

Values of g, for four of the baees af various copcentrations

anc electrode potentiale are shown in Flgures JXIII {paze 151).

in all cases % is numerieally decreased with Ineveasing bess
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Feoure IAIII8

Charsod upon the netal surlasce 82 & funcilon of

sleetrode notontlal aud base ooncontration

{a) Pyvicine in 5 401
0 1% &0 I 2,352 10°0 i
018zt a4 a5z wly
¢ 629 % 20"t %,

{t} Pipertdine in & K6 4
0 15 acy 7 2427 £ 1072 By
0 612220728 4 .50 x 1070 3
o 3,98 x 10"} 4,

{e) 2»Aninopyridine in 5§ KC1
0 1¥EKCl3 % 8472 2 1073 1y
0 %05x10°2% A 1a7210%
o 2,92 z 0™ 5,

{a) Aniline 12:N KCY
0 1% KoY 6020 = 163 13
D 276210°05 A 78521072 4
o 1,70 z 207 4,

hig:d
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ADSORPTION AT ELECTRIFIED INTERFACES

by

Remlgio Germano Barradas

pages 163« 340
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concentration and at potentials cathodie to the e.c.m. becomes
almost independent of potentlal. The effects are less with the
least 7-deficlent molecules 2-aminopyridine and aniline, and

this is probably connested with theip "fletter” ortentation
{discussed above) at the interface with correspondingly

smeller net incuced dipole charge et the metal Surface due to

8 smaller degree of "perpendlcular orientétion of the dipoles. 3

(1x) Relationship to Sorption at the Alrewatepr Interface

It is of interest to examine {f the electrochemical
free energy of adsorption of the bases at mercury (at the
potential of the esc.m.) is comparable with that for adcorption
of the same molecules at the elrewater interface, Few data
exist on which a suitable eomparison ¢an be based; however,
sarface tension measurements have been r eported for aniline
and petoluldine solutions in watermo'ml and the appropriate

/' values and {sotherms mey be calculated from these data,

. Using equation {108) for 9 = 0.5 we may opmpute the values of
0
AT shown in Table VI,

. MEEVD
Yalues of A§ st the e.com, at He ani/w_l'jl@te_rjm____&m
) )
subStance E Hs. eocomi A G ﬁr/water
(kcal.mole~l) (kcal ,mole"l)
Aniline «ls5 (1) =3.8 (6)
p=Toluldine - 4.6 {l4)
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The difference between A % and A®* tor antline at
the Hg/water and air/water interfaces is probably significant and |
reflects a small extra specific adsorption enargy‘at the e.c.m, due
to interaction with the metal. It is clear that no large chemi-
sorption energy of interaction with the metal is involved, and
that most of the apparent /) 50 {8 determined by "escap'e" of
the solute from the bulk solvent to its interface. 'I'he energy
ariding from Speciﬁ.o interaction vwith the metal may be
eatiuated 1n the case of aniline as the difference betwaen the
A E and A td valuo; for the Hg/water and air/water znterfaeea.
respectively, i.e. 0.7 kcal.mlo "1 (20 data are avatlable at Bg
for p-toluidine). The -orbital 1nteraetion energiea ealculated
in Sestion B of this chapter mey be seen to represent about 30=50%
of that part of the rree energy of adaorption aasociatod with
specific interaction of the organic mlecule with the metal and.
although small, ars in thiareapect relatively quite aignitioanta

B. @OMPARISON OF ADSORPTION OF THE BASES AND THEIR IONS
AT MERCURY

(1) Prellniﬁgg Remayks

In the present part of this work the aim has been to
compare the adsorption of some neutral organic bases with that
of thelr corrésponding ions and to investigate the nature of

the intermolecular forces Ieading to their adsorption at the

® tne symbols AG and A 6° are used here to dlstinguish the

the standard free energy of adsorption at the eleetrode in the
prespmes of a field (of. Pe 138 ) from the standard free energy of
adsorption at the eirewater interface where no impressed fleld

is involved,
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The difference batween /) 7 and A6 for entline at
the Hg/water and air/water interfaces 1s probably significant and |
refleots a small extra specific adsorption energy at the e.c.m, due
to interaction with the metal. It 1s clear that no large chemi-
sorption energy of interaction with the metal is involved, and
that most of the apparent /) E° is deternined by "aseape" of
the solute from the bulk solvent to 1ts interface. 'I'he energy
arinng from speciﬁc interaetion with the metal may be
eatimated in the case of anline as the difference batween the
A 5 and A 6 values for the Hg/uatex' and air/uater 1nterfaees,
respeotively, 1e60 =047 kcal.nolo'l (no data ue available at Hg
for p-toluidina), The -orbital 1nteraetion energiea calculated
in Sectlon B of this Cbepter may bs seen to repx'osent about 30-50%
of that part’ or the rree energy of aduorption associated with
speeiﬂc interaction of the organic mlecule with the metal and.
although small, are in thisrespect relatively quite signiﬁeant.

B GOMPARISON OF ADSORPTION OF THE BASES AND THEIR IONS

AT MERCURY

(1) Preliminary Remarks
In the present part of this work the aim has been to
compare the adsorption of some neutral organic bases with that
of thelr corrésponding ions and to investigate the nature of

the intermolecular forees leading to their adsorption at the

-

® The symbols AT end 4 © are used here to distinguish the

the standard free energy of adsorption at the eleetrode in the
prespuce of a field (efs ps 138 ) from the standard froe energy of
adsorption at the airewater interface where no impressed field

is involved,
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mercuryesolution interface. It is at once clear thai such
forces will be complex (of. Appendix, this thesis), end the
following factors will influence the adsofption of the lons

and molecules: flrstly the adsorbateesurface intersction energy
vill depend on both electrostatic and noneelectrostatic effects.
In the former class we include the interaction of adsorbed

fons with the elcctrode field, -* lpcles wlth the fleld and
polarisation energy of the molecule or fon im the fleld; in.‘
the latter class we include the Van der Waals interaction with
the surface, specifie T  eorbitel interactionioo=i8l gna any
golvent "structuresbreaking effects",les' 186 which, being
different for the adscrbate molecule at the inierface compared
‘with the situetion in the solution, will contribute to the
apparent energy of adsorption. There will also be ineluded

'1n the apparent adsorption energy, the ensygy involved in
displacing adsorbed water molecules end this 18 related to

the local "structurewbrealfng® snd dielectric saturation effects

in the region of solvent adjacent to the interface.

(11) Form of the Eloctrooagilla_rx Curves in Aecid Solutions

In acld solutions of all the bases, the electroe
caplllary curves are more symmetrical then in corresponding
~meutral solutions (see Chapter III), However, with all solutes
except aniline and 2eaminopyridine there is littlse adsorption
on the positive branch at potentials morve positive than =250 mV
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with respect to the calomel electrode in ¥ HCl, The ourves

for anlline and 2eaminopyridine in the X Eci solution show

an unexpected degree of symmetry since, belng surface active
cations, these adsorbates would be expected to be predominantly
adsorbed only on the negative branch. The behaviour observed
here is thus anelogous to thet found with the neutral solutions

of these compounds, and will be dissussed below,

(1) Standard Electrochemical Free Energles of Adsorption

The variation of the extent of adsorption with
electrode potential ean best be expressed in terms of the
variation of the atandard electrochemical free energy of
adsorption A E of the adsorbates at a given surface
coverage 8, e.g. 6 = 0.25 or @ = 0,50, with electrods potential,
We can obtain the Langmuir isotherm [equation (108):] in

the form

o .5 AT
10 5545

where all the terms have thelr usuel significance as defined

{128)

previously. If interaction effscts are present A 30 will be,
a8 bafiss, & function of surface coverage {(alternatively,:we
could introduce fo 88 in equation (118)). A 50 values are
shown as a funetion of electrode potential in Figures XXIV and
XXV (pages 166=167) for the various organic lons in 1.0 N
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Flgure XXIV: Values of the changes of standard electro=
chemical free energy A Eo for the conjugate aeld
ions of the bases in 1 N HCl at various elestrode
potentials and at 6 = 0,5,
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0
Figure XXVs Values of A G for the conjugate aeid
fons in 1 K HCL at 9 = 0,25,




o |
Figure XXV: Values of A & for the conjugate aciad
fons 1n 1 W HCL at @ = 0,25,
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aqueous hydrochloric acld at @ = 0,25 and 0.5, It i3 evident
that there s a more or less continuous inesease of A ‘50
with inereasing (negative) potential., For the adsorption of
the aminium fons this is as expected since the organie
cations are the surface active specles and the chloride ion
concentration is constant in these experiments. Values of

A *Go for @ = 0,5 are loss than those for § = 0.25 owlng to
repulsive lonle interaction effects in the surface layer to be
discussed in more detall below. We may note that A 50 is
8t111 quite negative even at the most positive polarisations
(eege E,,, = #200 mV) 8o that there are appreciable specific
lonesurface interaction forces as also indicated by tha} strong
adsorption at the potential of the e.C.m. These specifiec
effects on the anodic branch are greatest for anilinium and
2-aminopyridinium ions (Pigure XXIV) and least for pyridinium
lons, For the corresponding neutral molecules {Figurs XVI) the
same trend is observed; there is also a mavited asymmetry in
" the A Eo curves with respect to the potential of the e.c.m,
The reasons for this may be a3 follows: (a) the organie bases
ere more easlly oriented with their electronegative eentres
(83) outward towards the solutionj as suggested by Gierst ot a1,86
where they can interact maximally with the solvent by hydrogen
. bonding and hence.can be more stilsfactérily kydrated on the )
cathodlc branch than on the anodle whers, upon being reoriented
towards the positive mercury surface, they suffer less
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favourable intepaction with the solvent with a consequent
diminution of the free energy of adsorptionj and (b) on the
anodiq branch, specific adsorption of the chloride ion in
the supporting electrolyte could diminish the edsorption of
the organic solute by a surface "salting-out® effect. Factor (a)
13 probably of greatest importance since with thiourea, whose
hydrophilic end of the molecule is composed of the elestro-
positive Nﬂa groups, the strongest adsorption is found now
on the anodic83’8h’15° rather than the cathodie branch. The
ptandard electrochemical free energies of adsorption of the
neutral bases and their corresponding conjugate acids are
compared in. Table VIII (page 170) from which it iz seen that
the ifons are usually less strongly adsorbed than. the
corresponding neutral bases. The smallest differenee, and one
case of reversal, arises with aniline and 2-aminopyridine,
respectively, molecules for which there are reasons to expect
somewhat stronger adsorption in the ionic form owing to
resonance effects (see below). Apart from the case of
2-aminopyridine, the general trend 1s as expected since the
fonic group will prefer not to reside in the interface since
at such a location its electrostatic sphere of influence
(Born solvation) in the solvent will be restricted.

It has been shown in the foregoing discussion that
the principal contribution to the electrochemical frees
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TABLE VIII
Comparison of Free Energles of Adsorption of the Bages in
Neutral and Ionic Forms

Adsorbate 1 o * .1
-AG (Ionie) keal.mole ~ —A & (Neutral) keal.mole
. 0 = 0.5 - 8=.0.25 =05 . 9=0.25
Pyridine 2.5 (8) 4.8 (3) 336) . -
2=NH,-pyridine .5 (6) 5.3 (3) o ()
2=Clepyridine 3.5 (5) 5.6 (2) 53 (6) 5.9 (5)
1;2.3.6°tetra. . .
hydropyridine 3.7 (0) b6 (1) - 48 (5) Y e
Piperidine 3.6 (2) be3 (8) - L6 (0) -
Aniline Ll (8) - b5 (2) -
Mean difference |
at @ = 0.5 0469

Rotes: The errors in these A? values and elsewhere in the
Figures may be estimated as follox(eab.d’ }'he .ex-z)-or_s in

values arising from errors in ' vary
% ™

from 0.5 to about 1% with increasing negative potential
corresponding to errors in Y and any uncertainties about the
activity coefficlents of the organic ions. The / values at each
potential are converted to @ values by assuming a certain value
of Wmax for 8 = 1 based on the projected area of the ions op

molecules lying flat or perpendicular to the surface. In the
case of the lons, the observed /° mAx corresponds to lons lying

"flat" upon the surface whilst for the neutral molecules [’ mAX
corresponds (when ﬂr 1s 0 or negative) to more oriented dipoles
88 6 —> 1. When & < 1, calculations of @ from /’ /77 oy ¢

thus uncertain in so far as the /7 m values are based on




- 171 -

TABLE VIII = Continued
(Notes « contimued from page 170).

molecular areas obtained from space=filling (Courtauld) models.
Thg 2areas tlozgs deduced are probably correct to within

2A 1n20A4 or to 104, A 7 1s calculated howsver from
log Ie'é and the probable error in-6/1-8 will be about 104 and

the maximum error 207, giving an error in log (8/1+8) at

(6 = 0.5 for example) of # 0,08, The_error in A GO will hence
be & RT 0,08, 1,6 £ 0,05 keal. mole®l assuming no significant
errors in solution concentrations or temperatures, The
differences of A G recorded in Table VII fer fonie and neutral
species are therefore entirely signifiecant,

energy of adsorption of the bases in neutral form arises from
the tendency of the organie residue to escape from the polar
water phase to the metal interface, this effect being
cuantitatively similar to that occurring at the air/water
Interface. As in the case of ionte detergent molecules (e.g.
fatty acid salts), the organie residue in an organic ion will
similarly tend to reside prererentially at the interface even
though the lonic centre tends to remain in the aqueous phase.
Provided that geometrical factors allow ths latter condition
to be realised, the electrochemical free energles of adsorption
of a molecule in neutral and ionic forms should, to a first
approximation, only differ by any changes of free energy of
solvation of the ionic form brought about by the presense of
the charge centre near (but not in) the interface.
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1'*’&:;?923.&31‘86

hag calculated the free energy A G,of
"partial dehydration" as an ion (in water) becomes adsorbed

at an oileweter interface as

Aeg = +3 o’/ £4 (129)
where S 1s the bulk dielectric constant of water and d
the digtance of the adsorbed ion from the surface. Using the
same method of caleulation (q.v.186) we may modify Payens
calculation to make it applicable to the mercury-water

interface. Taking the dielectric constant of the metal as
effectively "infinite" we now obtain as a louev limibing Value

Aeg = + o%/hde (130}
With £ =78 and ¢ % b X (the approximate radius of the
primary hydration layer at the charge centre of the.monovalent
organic lon in the (outer) Helmholts layer) A GH% 0.25 kcal;
mole™, a Pigure having the seme order of magnitude as the mean
difference of electrochemical free energy of adsorption of the
neutral bases and thelr ions given in Table VIII. From thes§
date and the caleulated value of A Gy it 1s clear that (a)
the presence or absence of an ionised centre in the molecule
makes very little difference to A'Eo for othefwise similar
molecular and electronic structuresj (b) that adsorption of
the organic ion involves only small changes in "secondary"

and not  "primary" h;ydma.ticm19 and (c) the condition of
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the lon (from a solvation point of view) at the interfase
1s, as a consequence, very similar to that of the ion in
soiution. An interesting corollary to these conclusions

1s that solubility is not always an important factor in
determining strength of adsorption in so]:ution systems, since
the bases and their ioms have, In most cases, quite different
solubilities.

(iv) T =0rbital Interaction with the Metal Surface

Previous studies with conjugated unsaturated hydroe
carbons and thelr hydrogenated derivatives 2"t nave shown
that adsorption on the positive branch is stronger when
unsaturation is present in the molscule although the extent
of adsorption of saturated and unsaturated analogues 1is
approximately the same on the negative bpanch, The suggestion
wag therefore made that these effects were due to specific |

T =orbital interaction witb/gzleectron-deficient" mercury
surface at potentials anodic to the e.c.ms” It wag noted
previously that aniline and 2=-aminopyridine are mors strongly
adsorbed than pyridine (and also 2-chloropyridine) at anodie
potentlals and that the same effects occur s as discussed above,

with the corresponding ions. It therefore eppears that
T =orbital interaction with the positive mercury surface is

L\ similar suggestion was made with regﬁd tg adsorption of
N~heterocyclic bases at solid electrodeg,iS7 108

\
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one of the fectors determining the free energy of adsorption
of these compounds and thelr foms., From Gerowlez! 1«::'1':,']‘82'3‘81l
it is possible to estimate the contribution to A ﬁo from

T -orbital effects by ecalculation of the difference A.A 50 of
A '('i'o valuee at a given anodic potential for saturated and
unsaturated aralogues, e.g. naphthalene and deealin. This
-ealculation is carried out as follows. We first obtaln an
estimate T of d J /d /IA at a given electrode potential for
the hydrocarbons from the publiahed electrooapillary eurves

by assuming that @ significant depression of b/ oceurs rirst
at about 10™ -4 M for single aromatic ring systens, 10° -5 M tor
doudble and at 10 -6 M for fused triplo ring systems (this»in_
based on the findings given on pages /' 7-& for the o‘orrﬁponcilng
neutral Neheterocyclic bases; the Mculatad values dt‘ Al ‘Eo
can be shown to be relatively insensitive to the values asaumed
for this 1imiting concentration)e %he values of /' for the
hydrocarbons thus obtained from the mean derivative A l Y/ A/u
are then converted to the correSponding surrace coveragea and

the AAT caleulated from equation (128) from which it w1l
be apparent that

BT o500 er-lrl : .1_3.?2_] (13)
2

TAn exact caleulation of this quantity 1s not possible since
an insuffleient range of concentrations wers studied in the
original publi shed work,
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where 91 and 92 are the surface coverages at a given electrode
potential for two hydrocarbons 1 and 2 with the same number

of 6~membered rings but differing only in degree of unsaturation.
Aopngd valués are summarised in Table IX (page 176) from which
1t 15 seen that A.A‘G tends to inerease with increasing

anodig electrode potential. It must be borme in mind, however,
that hydrogenation of the eonjugated systems will aiso modify

the interaction with the aolvenf since the 77 =orbitals in
conjugated aromatic rings can specifically hydrogeﬁobond with il!
on-runctionsla9’19° as in the methanol used as solvent in this

work, so that A.A 3 reflects not only differences of

interaction of the hydrocarbon with the metallie surface but

with the solvent as well, The largest apparent 7 eorbital

effects are at the most positive potentials (with respest to

the e.com.), thus indlcating that an electron deficlent mereury
surface 1s necessary for the effect to‘be manifested, It is

of interest that hydroecarbon 7/ eorbital complexes are well

knoWn e.g. -thoss of ethylens wlth P (1) and Pt (III) and

other transition and neighbowing metals e.g. Ag (1), Hg (II7) ;19119
similarly, with quaternary heterocyclie ;ggévé.g. methyle “
pyridinium (+), an analogous 7| ecomplex bearing a delocalised
charge has besn reported~193 Adsorption of both conjugated

ions and corresponding neutral molecules at the positive mercury

surface through [/ =orbital interaction is thus not inconslstent
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TABLE IX-
MG |
Hydrocarbon pair . G_lkcal. Ecal. Volts An.'
mole : .
Benzene~cyclohexzane 0.4 . 0.2 | 3
Naphthalene-decalin® 0,51 - 0.1
0.17 | - 0.3
Anthraceneetstra
hydroanthracene 0.42 =0l |2
0437 - 0.2
Anthracene=ostahydro
anthracene 0.32 - 0,1 k
0.26 L 002
) . ,
Mean AAG/An 0413 “ 0u1 1
}
0.11 - 002

Isomeric form not stated in original paper.

An is the difference of the number of conjugated double bonds
between the respective pairs of hydrocarbons compared,



with the kmown chemistry of analogous stolchiometric complexes.

However, with regard to the heterocyclic baéea
Studled in the present work, the values of /) o A 'Go zre only
about 10 percent of the total electrorhemical free energles
of adsorption, so that the 77-prbita1 effacts are noiv so
striking in thesa heterocyclic systems as with hydrocarbon
systeums, presumably beceuse of stronger polay errects and
greater spesific interaction (through hydrogen bonding and

Tstructure breaking” effects) with the solvent in the former
casess Thus, it has elready been shown in Section 4 (IX) of
thi's Chapter that the valuesof A G G at the e.com, at mercury
are not greatly different from the corresponding quantity
for adsorption at the air/water interface,:

The electrocapillary curves for aniline and 2=amine
pyriéine, both as ions and neutral molecules, show an unusual
and perhaps unexpected degres of Symnetry exeept at the highest
concentrations, and the corresponding plots of A 'G'° with
respect to electrode potential show the least variation of /| §
compared with that, for ezampls, found for ﬁyridine or 2echloroe
pyridines It is evident that in these cases the 7T'-0rbital
effects can be quite significent and be carried through from
the neutral molecules to the corresponding ions, This behavioup
can be related to the:resonance in aniline and 2-aminopyridine;

when neutral, these molecules can be represented by the
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canonical formss
+ +
¥H,  'WH
NH, N, + 5 2 2
@HQQ»T@%@%:@ it
NH, 2 +12 +2 +102

Upon fonisation

+. YH +
NH2 NH2 3
etc. +
@é—) @ “—> + H — @ only.

Upon ionisation in acld, I is completely converted to the

and

"wronatic™ form III since the positive charge can them only
reside on the amine N aton and no further unshared eleetron

#

The term "aromatic® is used here in a general sense to refer

to the type of resonating system in benzene (cf. the usage by
Albert, ref. (165) p, 243).
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pair i3 then available, Striking proof of this is afforded
by comparison ef the u.v. spectrum of I and its ion III where .
the spectrum of the latter s completely chang.ed165 and

resembles that of benzene. Simiiarly, for II, ionisation in .
“ : .
dilute acld converts the moleculs to J\ Jun, (IV), where

the proton is almost exclusively bonded to" the ring nitrogen

atom, We thus see that despite the positive charges on III

and IV, they oan in faet have as mich "aromatie” character”

a8 the corresponding neutral :mlemea,' and wé"svuggestthat

this may be connected With their sérbng’ adsorption on the
positive as well as on the negative branch of the alhetrocapillary
curve. Albertlé; hgs recently mads a qﬂaeml eldsglﬁ.cation or
heterocyclic substances into those which are " %det@gignt"

and those which are "/ -excessive”. In the first class are
included the types of ring system studied here where the
electronegative N aton in a sixemembered ring "withdraws" electrons
from the three double bonds (hence the term " [ edeficient®);

in the secohd. are heterocyclies of the pyrrole kind., In the
first class, modifications of the j7 =defieiency can be brought
about by the introduction of substituents; thus, in the case

of 2-aminopyridine, the presence of the elestron "releasing”gruup

* Here again this term is used in the sense discussed on the
previous page.
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WH, makes the molecule mich less 7 edeficlent than pyridinelt
and the adsorptlon of the former substance indeed more closely
regembles that of the aromatic molecule aniline than that of
pyridine. Similarly, a-chloropyridine is more 7 ~deficient
owing to the electronegative substituent and is less strongly
adsorbed (Pigure XVI) than 2eaminopyridine at positive
potentials. However, its higher dipole moment than that of
2eaminopyridine leads to a~ higher electrostatic contribution
to 4 Go at high fields and this tends to iaverse the effect
of the enhanced 7 edeficiency (arising from the C1 substituent)
on the adsorption of this molecule. Also, mesomeric effects

arising from resonance between

PR Q — —r <«
: cl c1, : °'<31+ : C1, . ClL

cen give effects analogous to those in 2eaminopyridine since
the C1 substituent has unshared pairs of electrons.

(v) Interaction between Adsorbed Ions

Surface equations of stats for adsorbed ions at the

36,29 end a

mercury electrode have been discussed by Parsons
more specific theory of ionic interaction effects on a surface

leading to deviations from the Langmuir isotherm has also
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already been given.3° However, we shall examine some of the
experimental isotherms obtained in Seetion A in the 1light of
the previously published theoretical treatments and Investigate
the dependence of A Eo for the adsorbate molecules in their
ioﬁic forms upon surface coverage 9.

By analogy with the treatment for dipoles given in

0

Section A and that for ions elsewhere ,3 we may write the

interaction potential ﬁll per pair of ions on the surface at
a mean distance of separation r as

_.ea B

fn = ZgT = £,10 | ' £132)

where B i1s the Van der Waals « London coefficient. Assuming

the coordination number n in the surface layer of ions to be

191

six, the electrostatic interaction energy By for an

assembly of N (Avogedro's mumber) ions is

62 B

Ell = %:_.Nn ,'611 =% Nn [zs T z rb] per mole (133)

r

with 1 '(% )1/ 2 where A 1s the projected sres of an adsorbed
#
lon at the coverage €, we find as shown previously30 that Ell

The actual result given here [equation (133} daiffers from
that previously deduced by Bockris_and Blomgren3O by the
factor 1/2 n Eci‘. reference (192)] which must be included to
allow for interactions amongst all nearest neighbours in the
sufface. Thelr equations give Eq9 too small by a factor of
3 if n is taken as 6. -
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and hence A '50 decreases vith the sguare root of @ at low
values of 9 (L6 91/ < ga, 0475)s At high values of @
(Lee, 1/2 > 0.75) the Van der ¥aals term becomes signtficant
and deviations from the square root relation arise. This
behaviour is observed expéx;iméntally as shown '15 Flgure XXVI |
(page 183) for pyridinium and in ﬁgure XXVII (page 18)) for
2-aminopyridinium and anilinium chloride lsolutiohs where high
sirface coverages ean bs reached and the minimum in /\ §
cohsequentiy be discerned, The results satisfactorily confirm
the general basis of the treatment reported p?euomy.” It
sy be noted that & similar nintmm in the [ T - o¥/2
eurve for the neutral quinoline molecule was also observed

experimentelly at high surface coverages (cf. "'Flgﬁré'mi b)e

(vi) Surfaee Charge and changea of the E.c.ll. Potential

changea, _A E, of the potential of the 6eCelle T8
shown in Figure XXVIII, page 185 as a logarithmic function of
concentration ¢ of the various organic 10&8. A E1s linear
in log ¢ but the 8slopes of the lines vary with the molacnlar.
structure of the fons. It is striling that for the least
"/ -deficient” ions, 2eaninopyridinium and anilinium, the
shifts of the e.c.m. are small or negligible whilst for the
hydrogenated derivatives having smaller = or no = ()r-orhital
character the alopes d ./\ E/a log ¢ are the largest. These
data thus indicate in another way that the least " Jedeficient”
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Flgure XXVI: Dependence of the standard electrochemical
free energy of adsorption A '(';' at verious electrode

potentials upon @ 1/2 for pyridinium chloride.




+
W
-
Q
1 4
>
o

/I
4/4\1‘3
7
-/
/

5.0

O
¢

' 9jow P2y 9V-

|
o
M

20

1.O

o4 0.5 0.6 0.7 0.8 09

- 0.3

02

Y2



- 18 -

Flgure XXVII: Dependence of the standard electrochemicai
(]
free energy of adsorption A G at various electrode

1/2
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Flgure XXVIII: Changes of the potential of the escem. in
the presence of the aminium ions in N HCl (Esin and
Markov effect) as a function of logarithm of the
adsorbate concentration,
0 Anilinium; X 2e~aminopyridiniumj
o piperidinium; A 1,2,3,6-tetrahydropyridinium;
A 2=chloropyridinium; [0 pyridinium,
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lons are adsorbed "symmetrically" sbout the BeColly ONn the
negative branch due to ordinary ionefield electrostatic effects
and on the positive branch due to 7 eorbital intepaction with
the positive Hg surface, Related sonclusions were drawn in
Section A for the corresponding neutral bases, The values of
[ max {POR the lsotherms for the bases in lonic form eorrespond
most closely to "flat" orientation at the metal, i.e, where
mexinmum T eorbital overlap with the metal surface orbitals
can occurs Values® of d A Ee_.‘c.m./d log ¢ vary from about
04003 V to 0,065 V; most values are less than 2.3 RT/F,
as found e.g. for alkali metal salts with specifically
adsorbed anfons,Z! (vide inf'ra) |

The surface charges gy on the metal for various
concentrations of the ions and ovecé a range of electrode
potentials, are shown in Figurea XXIX page 187. Por anilinium
and 2eaminopyridinum chlorides the Gy values are hardly changed
from those for the primitive HC1l solution and the FA values
are almost independent of electrode potential. For piperidine
ions having no conjugation the effects on Gy are somewhat
larger and [ A values are more dependent upon electrode

potential. The 7 =deficient pyridinium ion shows an

A more detailed thermodynamic analysis of these values
follows in the section on fhe "Esin and Markov" effect

(Pe 212 )o
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Figure XXIX:
Surface charge g on the mercury electrode and surface
6Xcess /"A of adsorbate (1,e, FRHN; + anz) as a
function of concentration and electrode potential fop
solutions in 1 N HCl,
a) Pyridinium chloride in ¥ HC1j
0 §ECl; X 1,57 x 10"
0 9.2 x 1073 A 1489 x 20"
@ U469 x 1074, !
b) Piperidinium chloride in N HC1j '
0 NHCl; X 28Lhx 10" 3 |
0 7.9 x 1072 A 159 x 10™Mmy
o 5.50 x 10"y,
¢) Anilinium chloride in ¥ HC1;
¢ ¥ ECL; X 1.20 x 10°3;
O 3.60 x 10™2; A 1,01 x 1071
¢ .0 x 1070,
d) 2-Amtnopyridintun chloride in ¥ ECl; ;f
0 §EHC; X L3y x 207w
O 5.20 x-10"3; A 113 x5 ¥
e 3.40x1207h
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Intermedlate degree of variation of [ A with potential,

The effects with the conjugated lons are again consistent with

T =orbitel interaction on the positive branch and electro=

static ionefield interaction on the negative branch. Comparison
ﬁm corresponding charges on the metal in neutrsl solutions

(see Figse XXIITa to d (page /b/ ) shows that the neutral bases

have much more effect on Gy (and correspondingly on ~q, >the ‘
charge on the solutionwside of the double~layer) than do the
conjugate acid ions, Presumably this arises because in the
neutral solutions at high & the condernsed oriented f£ilm
physically displaces adsorbed ions(see page 4/2), while in acids,
the organic lons can peplace the simple inorganic lons

normally adsorbed in the doubleelayer at mercury. These
conclusions are supported by determinations of the ioniec
components of charge in the doublee~layer torhe discussed

below.

C. IONIC COMPONENTS OF CHARGE

(1) General remarks

In general, there exists a pauclty of data on the
ionic components of charge in the electrical double layer.
For inorganic adsorbates a few cases have been investigated]’?’z‘o’wa
either by electrocapillary or capacity measurements, but with -
organic adsorbates the situation is much worse. During the

progress of the present work it would appear that the only
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reported determination of the lonic components of electrical
charge for an organic ion system has been that of Bockris
and Blomgrens- for 2,6edimethylaniline in 0.1 N hydrochloric
acide The imnortance of this type of work cannot be undere
estimated since it leads directly to a detailed knowledge of
the structure of the electrical double layer.

In the present work six organic systems have been
examined; they are: (1) pyridine in N hydrochloric acid,

(2) pyridine in normal potassium chloride, (3) quinoline in

¥ hydrochloric acid, (4) Nemethyl pyridinium chloride in 0.33 K
hydrochlorde scid, (5) Nemethyl pyridinium chloride in 1,0 ¥
hydrochloric acid and (6) Nemethyl pyridinium chloride in

5.0 N hydrochlorlc gcid.

Typical electrocapillary curves for varying
concentrations of pyridine in varying conceniratlions of
hydrochlorie acid have been reported in Chapter IIIs The
other sets of electrocapillary curves for the sbove-mentioned
systems have not been shown in order to avoild unnecessary and

repftitious presentation of comparatively similar data.

(11) Pyridine irn hydrochloric Acid

A detailed account of the procedure used for evaluating

the components of electrical charge has been given in Chapter II
(pages /25« /26), 1t was shoun that the evaluation of |

equation (105) depends on a knowledge of the variation of (A X )E :'
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with respect to /) log 8y &t constant &, (or the ratio

a JaKCl)' Figure XXX (a to d)' page 191 shows plots of

(AY )g seadnst a J“Hcl from which actusl velues of
12 A : - '

(ALY )'E,g‘ J’Hél wers interpolated. The interpolated values

P e | |
of ( AO/ ’E.a Janngue then plotted against log agm

(see Figure XXXI)page 192) and from the siopes of these curves,
values of /7 4 Vere ealoulated. me values of q, are obtained
[eavation (103) ] dtzsctiy from the electrocsptllary curves.
Having obtained g, and q, (or F [’ +)» it 13 a simple matter
‘to caleulate q_ {or =F /° c1=)e Furthermore, F 2 4 may be

caleulated from equation (101) and P (. /7 L= /7 )
Ha0" . 1) 4
3

may be obtained using equation (79). These five quantities

Qgr 90 Qs F FA end F ( /’IH ot [’ o) for the case of
3 123
pyridine (at a econcentration of 10°4) in ¥ hydrochleric acid

are shown in Figure XXXII page 193 as a funstion of electrode
potential (Eml. q, for pyridine in hydrochloric acid is

comosed of two quantities namely, F { / st /7 4y end

« 10 w
a8 previously mentioned .in Chapter 1I, there\ 18 no (thermo~
dynamic) means of determining either of the two quantities
individually. The value of q, inereases slowly from + 0,2 microe
coulombs at = 200 my to a steady value of about + 4.0 micre
coulombs for the potential range of = 600 to « 1200 mV, This

ean be interpreted elther as a result of a predominant
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Figure XXX: Plots of ( A b/ )E
: , eal

a) Pyridine in O.I'N HCY
b) Pyridine in 0.33 N EC1
¢} Pyridine in ‘1_.0 ¥ HC1
d) Pyridine in 5.0 ¥ HCL,

¥ a /g for

py HCL
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Figure XXXI: Plots of { Ar,‘?y/‘ﬂcf Egoy » (
c |

log &y for pyridinium chlorides E!’
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Pigure XXXII: Ionic components of charge for pyridine
in hydrochloric acid as - functions of elestrede
potential (¢ = 10 Y Cgey =2 )
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adsorption of pyridinium ions (py*) or as a result of an
increase of the surface excess of H3O+ lons over that present
when the interface is in contact with aqueous ¥ hydrcchlorie
aclde It s suggested hore thet the enhanced values of q, are

due essentially to an imcrease in [’ and not /7
: ) X

The quantity F [’ + 18 probably a speeifically ‘adsorbgd

Y R
charge, and supporting evidence for this eonclusion, based on

*O

components of charge in Nemethyl pyridinium chloride solutiona,
will be given below (see ¢ (iv) )thia chapter),

~

The values of q_ at anodlc potentials relative to

T —

the e.c.m, indlcate that /7 _ s positive, but at

Cl ,
increasingly negative potentials (i.e. beyond =700 mV), it
will be seen that /7 ar becomes negative. The latter

i
g

behaviour may eppear to be normal (since: C1° ions will be
repelled out from the double layer on the negative branch)

were 1t not for the fact that P ( /7 s o) isa ‘

H.0
negative quantity over the entire potzntial rafzie. Since it
has been suggested that much of the value of F / 5 st be i
due to F f” + then 1t would seem that F /7 should be a
suall or negligible quantity, If this is so,pzhen F /" o
would indeed be negative (as it is 1n/urk11ambiguous case og N
methyl pyridinium solutions). Under these conditions we would

epparently observe ar anomalous situation where both /7 -
Cl
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and [ 2.0 + are negative, indicating a surface deficiency of
both 330*3 and C1” fons in the double layer. This result
appears to be unreasonable and inexpliceble on any cimple view
of the double layer.

However, Frumkin snd Jofal

02 have also reported the
same anomaly in thelr observations of the ionic components

of charge for a slmpler system - strong hydrochlorlc acid

solutions (3 N and 10 N) at mercury., Figure XXXIII page 196

demonstrates the results obtained by these anphors. It 1s to
be moted that for 10 KHl, /7 _and /7 are both

1 330 ‘ ‘
negative at potentials cathodic to the e.c.m. The following
qualitative explanation may be offered for this apparent
anomaly which was not further discussed in the original paper.
/7 _and [T, would be negative if the activity of water

Cl 330

increased near the metal surface in the high field of the
double layer. This is in fact possible since Uﬁzo (the energy
of water in the electrode fleld) can be of the order of 1 to 3
koal mole>, hence H,0 molecules may be "electrochemd cally”
adsorbed and their activity increased in the double layer.
In the case of the high acld concentrations investigated by
Frumkin and Jofa there is virtually no diffuse double layer
so that the potential of the outer Holmholts layer ¢2 (qeve
Chapter I) is zero with respect to that in the bulk of the

. solution and the .apparent dg¢ficlsncy of both 530* and C1” lons

|
M
59:;
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Flgure XXXIII: Components of charge for hydrochloric
acid as functions of electrode potential (C = 3 ¥ ECL
and 10 ¥ HCL), Data reproduced from AN, Frumkin and
S. Jofa, Acta Physisochimica, U«BeS.S.y 10, 353 (1939).
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could only be explained in this simple case by such a
mechanism of the increase in the activity of water in the
double iayer at high fields,

On the basls of the results for pyridine solutions
in hydrochloric acid shown in Figure XXXII alone 1% may be
equally plausitle to suggest that the large negative values

of T ( [7H o* - [ o) 127 be due entirely to positive
Py

?
Of o
values,/[f o 20d that the neutral molecule is the adsorbed
Py
zpecles reflected in F [’ ,. If this is true, then the
foregoing anomaly would disappear since [73 o* would then

be zero or probably slightly positive, However, we aleo

have evidence from the present work to be presented later
(qeve section C (iv) this Chapter) which indicates quite
clearly that /7 oot may reasonably be assamed to be large
and negative, Befgre proceeding to elaborate on this
evidence we first examine the behaviour of quinoline solutions

in hydrochleoric acid.

(111) Quinoline in Hydrochloric scid

The ionic components of charge for quinoline have
been derived from a slmilar set of elecirocapillary curves
and calculations as that shown above for pyridine, and

they are shown in Figure XXXIV page 198, It must be stated
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PEF vl Vrrivea

WA o = 4 ot v A

Figure XXXIV:
Components of cliarga for quinoline in hydrochloric
acid as functions of eleetrode potentlal,
(0 4= 39 210 3 and Cggy = 1,0 B¢
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at the outset that the values beyond a potential of

- 800 mV. (shown on Figure XXXIV as dotted lines) are not
very significant, This is due to the uncertainty in values
of the surface tension at high negative polarisations. At
low concentrations of quinoline and hydrochloric acid the
experimental determinations of the electrocapillary curves
are quite easy to make up to potentials of about = 1000 uv;
at higher concentrations of quinoiine and hydrochloric acid

experimental difficulties were encountered due to discharge
of the quinolinium ions, this effect being first noticeable .

iV CAS VAN ¥Foviva B

at polarisations on the negative branch beyond - 800 mV,

Y S -1

The discharge of the adsorbate ions tends to block the

R it

capillary probably because of the relative insolubility of

§
i RTAAWT R 2T

the meutral molecules as compared with that af the ions,

Furthermore, at concentrations of hydrochloric acid of about

5 N, there is a greater tendency for hydrogen gas to be

A SR i By N e 1k

liberated (q.ve "electrocapillary viscosity" effect, Chapter I).

The two effects reinforce each other at high cathodic potentials, ;

and the net result contributes to the uncertainty of the

experimental determinations under these conditions, i
Again, as in the case of pyridine, the values of q,

are positive and inereasing from low potentials to about

= 750 mV, but beyond this point q, drops steadily to a negative

value at about « 1150 mV, The most significant result is that

F( /' .= [7,) 18 negative throughout the whole potential
H.0 q
3
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_range investigated. It is once more suggested that Q" fons
are specifically adsorbed at the mercury surface even at
posltive potentials relative to the e.c.m. This will mean
that /7 e 18 elther sero or a very small posttive quantity,
This conclusion is again based on the evidence to be presented
below that /7 o in these systems 1s a large and negative

quantlty as mentioned in the above discuaglon on the
components of electrical charge for pyridine in hydrochloris
acid, |

(1v) NeMethyl pyridinium Chloride in Hydrochloric Acid

This system was ehosen in order to provide further
information which might elucidate the anomalous behaviour
observed in the pyridinium and quinolinium solutions and which
leads to a direct and unambiguoua evaluation of /7 ™
. ‘rhe calculations for the components of
electrical charge for N-nethyl pyridinium chloride in hydroe
chloriec acid solutions are easier then those for quinoline
and pyridine. The requirement of maintaining the.activity of
the adsorbate (a,) constant presents less difficulty in this
case since there is no acidebase proton equilibrium to be
considered. Taus, it 1s not necessary to interpolate surface
tension values at constant ratlos of a */‘m as in the cases

BH
of pyridine and quinoline., The concentration of Nemethyl
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pyridinium iona (MePy*) is not dependent on the variation in
activity of hydrochloric acid. Hence, the slope of the curves
obtained by plotting ( AY ) . against log

Eea1 *8epy ey *HeL
(see Figure XXXV, page 202) will provide direet information
for the caleulation of q, values. Since ‘HePyCl is kept

constant, ( A¢ ) /2.33‘1‘ log agy Will give a-

Ecal,"MePyCl
direct and unambiguous determimation of /7 .. The values
: B0
. A 3 7
of q, are therefore equal to the respective sums of F /7 +
) H.0
3

F [ HoPy* values, and the latter quantities are directly
obtainable from an estimate of F /[’ A {or F /7 MePycl?-\ a%
constant activity of HCl.

Ingpection of Figure XXXV shows that et potentials
greater than =500 mV, the slopes of the curves change sign for
inereasing and desreasing values of gy &round about
lag c; ¥ *Oele This i8 a real but somewhat unexpoc.ted
result; careful estimates of the maximum experimental error
in the. determination of the electrocapillary ocurves indicate
that ( AY )g

eal? *¥ePyCl

2 0.7 dynes cln'l; such an error may affect the exact values

values are accurate to within

of [1 '0’ deduced but cennot change the sign of the slopes
H

of the ourves in Flgure XXXV,
The ionic components of charge for Nemethyl pyridinium
chloride (amml = 10"“M) in 0,33 §, 1.0 ¥ and 5,0 ¥ hydroe
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Pigure XXXV:

Plots of (4 )g a2 uepyc1 38 log ag. for
o

Nemeothyl pyridinium chloride at verious hydrochloriec

eo!d eoncentrations,
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chloric aclid solutions are shown in Figures XXXVI, XXXVII

and XXXVIII respectively (pages 204=206)s The most important

results of these findings are the actual values of f7 + 8t

various acid concentrations, 4 ‘ i3
The case of Nemethyl pyridinium chloride in 5.0 N

hydrochloric acid presents the most reasonable experimental

results in terms of a simple double layer picture. g or

<F[7; 1s shown in Figare XXXVIIL to be megative, which .

implies-that there exists a surface excess of chlorlde ions

in the double layer (i.e. /7 _ 1s positive)s This result

is consistent with the sllghtg positive (0 to + 3.0 /-coulombs

cm"z)-values of F FH ot (presumably a diffuse layer charge)

over a wide range of electrode potentials. However, 1t may be
pointed out that at highly negative potentials ( > <1150 mv)
IS.
7, tends to become slightly negative and thisjunderstandable
H.0
3
1f at high cathodlc potentials ﬁa* becomes positive due to

specific adsorption of the organic cation, The order of
magnitude of- values of /7 4+ appears to be similar to that of '
H,0

the corresponding data given by Frumkin and Jofa for 3 N and 10 N
hydrochloric aclds (in the absence of any organic additives). Since

F /7 , 18 not greater than about 3/‘ ~coulombs cm"a, we may conclude
H.0
3

that the main contribution to g, arises from the specifically

* If the specifically adsorbed cation were to suffer significant
dehydration (but see pe 172) the potential referred to here should

be ﬂl rather than ¢2~(F1g.. 2)e
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Figure XXXVI:
Ionie compoments of charge for Nemethyl pyridinium

e B B N L e O TR NS)

chloride in 0,33 N hydrochloric acid solution as
funetions of elestrode potential . “’mycl = 2 x 10"N).

g e
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Flgure XXXVIIs
Ionie components of charge for Nemethyl pyridintum
chloride in 1.0 N hydrochloric acid solution as
functions of electrode potential. (cMePycl z2x IO'ZH).
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Flgure XXXVIII:
Ionic components of charge for Nemethyl pyridiatum
chloride in 5,0 § hydrochloric acld solutions as
functions of electrode potential: (cHePycl =2x 10"2!{).
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adsorbed :wiaPy+ fons, This is obvious from inspeetion of the

high and inereasing positive values of q orF( [’ + t
HePy

7 .} 3 since is small, it 15 clear that /°
+ s
/ Hy0 By0* MePy

1s large and positive over most of the potential range

+

investigated, The fdfieciency of 530" in the diffuse double
layer at high negative polarisations necessitates that o
the potential at tpp outer Helumholts lgyer, be positive

(E = ve); hense /[ _ s positive. 52 18 pooitive in this
case due to execess geciﬁcally adsorbed cetionic charges
(MePy'). The resalts are thus rationelly interpretable in
terms of conventional models of the double layer.

In weaker acid solutions the components of fonie
charge for Nemethyl pyridinium chloride change with dilution
of the acld in a consistent manner. For example, in Figures
XXXVI and XXXVII for 1.0 N and 0.33 N hydrochloric acid
solutions, there is a tendency for specifically adsorbed
anions to be in grsater ceficlency at the lower concentrations
of the acld and this is particularly noticeable at negative
polarisation beyond the slectrocapillary maximum potentisl,
Yor 1.0 N hydrochlorie acid q_ is slightly positive within
«700 BV to «1200 =Y (%.e. /"cl_ {3 negative), and for 9.33 X
hydrochloric acdd /[’ _ is more negative indiecating therefore
a greater surface deﬁctiency with diminution of the acid

concentration. Conversely, [’ q 0.,, is also more negative

3
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in 0433 ¥ hydrochloric acid then in either of 1.0 ¥ or 5,0 ¥
hydrochloric asid solutions. As in the case of pyridine and
quinoline in hydrochlorlec apld, we observe once more the
anomely of both /. and /; - being negative at high

530 ke
cathodic polarisations, but in this case /-7 4 18 known .\ ‘
B.0 i
3 :'; "
directly end not as part of the tern F ( /7 = /7 ). st
1,0
3

This is a puszling result and no simple explanation can
adequately account for this unexpected behaviour. From a
qualitative standpoint, it may be speculated that the
suggested mechanism of increased activity of water in the
double layer at high fields (as discussed above for Frumkin and
Jofa's results) could also be applicable here.

The most important conclusion to be drawn from the
results for Nemethyl pyridinium chlorids in hydrochloric acld

solutions is the fact that /78 o 15 for most of the potential
3

range examined, negative (or positive only tc a very small

extent-less than 3.0 /A- coulombs cn'z). ‘.ﬁﬂ.s provides sﬁ;ong

corroborative evidence for supporting the contentlorn that im

acld solutions of the heterocyclic bases the species predominantly
adsorbed at the mercury interface is mainly the organic cation
and not the neutral molecule., This is also the conclusion of
Blomgren and Bockris (loc cit) with regard %o adéorptién of
dimethylaniline from hydrochloric acld solutions. It mey
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algo be noted that since we have shown that the isotherms for
the adsorption of the organic bases in acid solution can be
represented by equation (133) with A EP decreasing linearly
with QLZQ {esgs see Figure XXVI), 1t follows that adsorption
of the additive as the lon rather than the neutral molecule

is occurring in these cases, since equation (133) is deduced
for lonic repulsions. It cannot be assumed, however, that -the
above 1s a gencral result for acid solutions of amines since
the.heterocyclic ions studied in the present work have a
77/-orbital at the N atom which will not be avéilable in the

same way in aliphatic amine ions,

(v) Pyridine in Potassium Chloride Solutions

The components of charge for pyridine (10°2%) in a
0¢3 M potassium chloride solution are shown in Figure XXXIX
page 210. The values of q_ or =F( /7 1_), are negative at
potentials anodic to the e.c.m, and pogitive at potentlals
cathodic to the e.com. This is quite consistent with the
fact that at positive potentials the C1~ ions are specifically
adsorbed and at negative potentials the lons are repelled from
the double layer, The values of "F /7A" remain positive
throughout the range of potentials examined, and have been
plotted as a matter of comparative interest (and to include

them on the same scale as that for the q values) on the
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assumtion thet such will be the values of P /7, 1f the
neutral molecule possessed an imaginary unit positive or
negatlve charge. The astual experimental points for the
velues of q, or F /7 o+ fluctuate within a rather wide range
of uncertainty and as a result of this the curve shown in
Figure XXXIX represents the statish.teally calculated probable
line for q,« The equation for this stralght line (y = mx + o)
was obtained from the following eguationss

B = n Z‘gz - Z! Zx (13!‘)
B > () - (> 2)? |

e 2223 23l
nZ(xZ)- (Zz)e

where m 15 the slope of the 1ine and ¢ the intercept. n is the

(3.35)

number of experimental points, x and z and y are the abscissa
and ordinate values, respectively. .The theoretical Kine

7 = mx + ¢ was drawn and values for J (the standard
deviation) of all points deviating from the line were measured
whersupon the probable error in m, i.es X p 80d the probable

error in ¢ i.e. K were caleulated according to the

¢
following equations:

o(m= 0,67 - Z(J)a Ve
(n=2) {:n Zzz- ( Zx)zj

(136)
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The numerical value of £ o Was estimated to tbe ¥ 3,6
2

X 2 0,67

]
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/A-coulombs em  and :is shown in dotted straight lines on both

sides of the 1line for Qe It will be noted that q, or [’ +
K

1s close to gero at potentlals positive to the e.c.m. potential,
whereas at megative potentials with respect to the e.c.m. ‘
potential, /7 + 18 about + 1.0 //.-coulombs cm'a. The values -

of F (1 Lot for a solutlon of 0s3 M sodium chloride evaluated
a

by Grehamel? have been plotted in Figure XXXIX for comparison;
& K* {n the organie adsorbate solution is significantly lower '

than /"n 40 & result which suggests that upon addition of
2

the neutral organic adsorbate, which is speeifically adsorbed
at mercury, preferential adsorption of pyridine results in a
dinini shed adsorption of " oms. ’ Iz the neutral adsorbate
solutions, the lonic charge in the double layer thus eppears
to be displaced, while in the case of ioniec organic adsorbates
the simple lonie charge in the doublé iayer appesrs to be
replaced by the organic ion chargse, as we have observed in the
“discussion of Qg values previously (see page /#7 ).

D, THE FSIF AND MARKOV EFFECTS!

(1) Introductory

A general account of the "Esin end Markov Effect” has
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been presented in Chapter I of this thesis, Further gqualitative
discussion of the change of the pot ential of the e.c.m, with
respect to changes ih log concentratioh'of the néutral organic
.molecules and their conjugate ions has been given 6n pages /52
and /4 vespectively (see Pigure XX page 153 and Figure
XXVIII page 185)., The earlier brief presentation was given
primarily to confirm the hypothesis of orientation of the
neutral molecules and also to emphasise the different adsorption
behaviour observed with varying molecular structhr‘es. in
particular the availability of /) ealectrons in the adsorbate
molecule or the corresponding 1ome "

It may be recalled that the Esin and Markov Effect
referred specifically to the fact that E°*°*™ wag a linear
function of the logarithm of the conscentration for agueous
electrolytes. Mention has aléo been made of Parson's discussion
of the Eetn and Markov Effect from a thermodynamle standpointy3®
his results indicate that the effect may be obtained not only
at the e.c.m., but at any point on the electrocapillary curve.
The important question arises whether there exists an Esin
and Markov Effect for neutral molesules in the same way as it -
does for the ions and how such an effect might be treated.

This matter (not previously investigated) necessitates a mors
thorough investigation before the above query ban be answered.
A suitable method of examinatlon would be to apply
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the equation derived by Parsons for ions to the data obtained
in the present work, and to make a comparative test for
un-lonised molecules by applying to the eppropriate experimental
data an analogous equation derived thermodynamically for
neutral molecules.

(41) mermMc Analysis of the Esin and Markov Effect for

Toric Systems and Applications to the rimental Data
Following Parsons,36 we ¢ write the Gibbg-uppmnn
electrocapillary equation at constant temperature and pressure

in the forms
cal s g 4 F: a/A o

where the symbols have their usual significance. Sisce
squation (138) i an exaet differential, the following .
differential relationship may be obtained by standard methods

-b-f-) ( o am
o /% 0ty ,

Bquation (139) can be written in terms of q’, the charge in

the solution due to anions or cations as

where ag is the mean activity of the salt. In applying this
equation derived by ?arsons to our system where specifieally

) & ) ) ba.: o)
Olnag) gy |
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adsorved cations are involved, we mst rewrite (140} in the

following forms

OE ) - me -------5--“’---------5q seifie (142)
blna‘,‘ Gy F 0 Gy 8, '

where qsp cclfie 0OV represents q, the charge due to the catlon,
and a, (the activity for the cation) has been e;psumed to be -
equivalent to ag (1.ce az) since the activity of C1” ions in
the electrolyte will be almost invariant in the solutions
studied which always contained excess HCl. ,

The experimentsl data for pyridinium *, 2eamino-
pyridinium +, piperidinium * and anniniun"' ions have been uggd
to examine the applicability of equation {Ujl). Values of
qmeciﬂc(“’m“ equal $o F r A) Were ploﬁted againat qy (both
computed at constant activity of the organie electrolyte) from
data obtalned from fowr electrocapillary curves for each of the
aboveementioned fons, The slopes { 0 Ygpecitl c/ 0 qM)a*' were
then evaluated {see Figures XL a, XLI a, XLII a and XLIII a
pages 216219 )+

Correspondingly, values of E  (the potential of the
electrode with respect to the potential of the calomel reference
electrode) and -I% in 80 (assuming . a:r a,) at e chos;n constant
value of gy (at the esc.m.), Were plotted for the four organie
cations, ahd_ the slopes evaluated {see Figures Xi b, XLI b,

XLII b and XLIII b, Pages 216=219), For convenience, the
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Flgure XLt
Pyridiniom’ (Bsin and Markov Effect)

8) Plots of Ugpeotpio I8 Gy 86 constant e,

b) Plot of & 38 Efina,, et constant g,

e ———
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Figure XLI:
&Admpyridiniuu* (Esin and Markov Effect)
a) Plots of Upeottie & G at constant s,

b) Plot of E= g8 I% 1n 8,y at constant gy
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Flgure XLII:
Piperidin!um* (Esin and Markov Effect)
a) Plots of Ypecttic I8 Gp ot constant e,

b) Plot of E° g8 -13%-111 8, e constant g
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Figure XLIII:
Anilinium+ (Esin and Markov Effect)

a) Plots of Qgpecisio 38 gp at constant &,

b) Plot of = 38 -R-g- 1n a,, at constant que
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results of these derived calculations are summarised in
Table X (page 221). It i8 noteworthy that within the limits
of experimental error, the values of { ) gpeotet c/ ) qM)%
are in satisfactory-agresment with those of -

(0 E/ B!?, d 1n a,j, as required theoretically,

L

(144) IhermodynamicsAnalysis of the Esin and Markov Erreét

for Neutral Holécules and the Applicatlon td
Experimental Data

Ingpection of the elsctrocapillary curves (q.ve.
Chaptar IIT) for neutral organic molecules in potassium
chloride solutions indicatesthat the potentisl at the elsectroe
caplllary maximum changes with variation in concentration of the
organiec substrate. This provides adequate grounds for supposing
that there msy be an "Esin and Markov Effect® for neutral
molecules, although the actual quantitative change in ES*S*%e
with changes in the logarithm of consentration or activity may
not necessarily be similar in magnitude to that obaserved for
lons, Therefore, & comparable new thermodynamical equation
for unsloni se@ molecules, equivalent to that deduced by Parsons
for lons, may be derived for deseribing the "Esin and Markov"
behaviour of neutral molecules,

Thus, we write equation (139) for neutral molecules

(A) in the following way
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) Fen = 0 ﬁ‘) (142)
0 AT gy 0 ay /A |
where Ecal 13 the same as E" in equation (139), Equation (142)

may obviously be rewrlitten as

bE“‘l = am(.?_./:.é (143)
Z)lno.l,tiqM ) qy /‘A | )

where SA}B the activity of the neutral molecule. As shown

previously, we cantest an equation such as (143) by plotting
(1) B eq) Versus RT in 8,5 at constant qﬂ(e.g. at the e.c.m.)
and (2) f! 4 Versus g, at constent a, for pyridine . ‘
2-am1nopyrid1no o pi.peridino and aniline® (the superscrlpt

" indicates the neutral molecule). The slopes of both sets
of curves for tho four organic eompounds were evaluated and
are compared in Table XI (page 223). The graphlcal p].ots
denoted above by (1) and {2} are ulustrated in Flgures "
XLIV (a) to XLVII (a) and XLIV (b) to XLVII (b) on pages
22=221,

It may be noted that the curves of E o) Versus

R? 1n 8, 8t constant qﬂ, for pyridine and piporldlne do not
show changes of slope over the range of activities examined,
Aniline end -2-am1nopyridine demomstrate & change of slope over
the range of activities investigateds This is consistqnt with
the plots of A E®*°*™ yepsus log ¢ as shown in Plgure XX
pege 153. In eontrast these changes of slope do not occur
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TABLE X1

Test of equation gym for the Esin and Markov

Effect due to neutral orgenic molecules

System

(3/7,/ 0 e,

(=0 Ecal/RT

O 1n aA)_qH

Pyridine ©
in N EKC1

6.29 x10"2N
3.15 x 10°2H
1,18 x 20°2y
2,35 x 1072

«1.9 x 10"

2,1 x 1075
1.3 x 107
ol x 1075

-

1
("00 3‘10.5)

1.8 x 1072

2=Aainoe
Pyridine in
N KC1

2,92 x 10"
1.17 x 10" 1x
3.05 x 10™2
0.672x10"

-2 x 2075
«0.8 x 1075
«0.3 x 1075
<01 1077

Piperidine°
in N KC1

3.98 x 10"1%
1.50 x 10™1M
6.12 x 10™%
2,27 x 1074

Average

(30, 7220°51

3.1 x 1070

043 x 207

m"ﬂ%e
*5e 0
-8,0x10"2
-2,7210"2
-0.8x10™0
Average:

- .3x10’5
(33.6310‘5)

Totled line |

®l,0 X

-0.8 x 10”5
-0.5 x 1075
<0.3 x 10°5

Merage:
"908 X 10.5
20,04x10+5)

Averaza for cdotiedsolids
lines =2.6 x 10°

3,33 2075

Anfline ©
in § K1

1,70 x 1074y
7.85 x 1021
2.70 x 10™2
6,30 x 10"3y

3.1 x 105

1,72 10" Average:
0,55 x 100 ?1.ux10'5
«0,10 x 1072

$1,0x10"5)

2
0.2 x 1070

The figures in the third and fourth columns are probably

significant to the first declmal place.

age? |



Flgure XLIV:
Pyridine’ (Esin and Markov Effect)
a) Plots of /' L3 9 at constant &,

b) Plot of B, v8 RT 1n a, at constant gy
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Figure XLV:
2-Aninopyridine® (Esin and Markov Effeet)
a) Plots of FA I8 ap at constant 8,

b) Plot of E,, I8 RT1n g, at constant e
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Figure XLVI:
Piperidine° (Esin and Markov Effect)
a) Plots of [~ 4 Y8 Qp at constant a,

b) Plot of E,y ¥8 RT1n a,, at constant qy.
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Flgure XLVII:
Antline® (Esin and Markov Effect)
a) Plots of F L ¥8 qp ab constant a,

b) Plot of E,,, ¥S RT ln g, at constant gy
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Plgure XLVII:
Aniline® (Bsin and Markov Effect)
a) Plots of /7 4 Y8 qp at constant a,

b) Plot of E,,, ¥3 RT ln a,, at constant g
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in Figures XL (b) to XLIII b, since equivalent plots of
E%° %% goainst log ¢ (Figure XXVIII)page 185) are also

linear and without changes of slope,

The comparison of the evaluated slopes, { o/ 0 g
4

and-(D By, /AT 0 1n aA)qH in Table XI show that they are
generally not in good agreement with one another and the
comparison 18 less satiafactory than for the case of fhe
organic ions. From the data in Table XI it will be seen that
¢l A/ qu) 8’ which shoyldbe & constant ‘quantity for varying
concentrations of A, in fact tends to inereass with increasing
adsorbate concentration. Tentatively it may be suggested that
this variation arises from orientation of the surface layer of
adsorbate at high coverages when the adsorbate is present at
high concentrations, In those cases where two reglons of
different slope in the A E

©eCollle
discerned (see Pigure X X )s 84ge for aniline or 2-aminge

- log C plot can be

pyridine, the slope at higher concentrations is certainly
larger than that for lower concentrations and this is also the
case for the () /" ,/0 Gy, veluos (columm 3, Table XI).

A & .

In these cases therefore there is qualitative consistency between
theory and experiment.
Previously /ﬂit has been assumed that / E

€eCollly
could be expressed in terms of the Helmholtz surface potential




« 229

by the relation (ef. p. 152 ):

S brep’”
£

A By e,n, (126)

8
where I 15 the surface excess 1n mole ems® of the adsorbate
of effective surface moment /0\ in the surface phase of
dielectric constant (& g+ IHowever, our present results indicate
that the slope d{ A E, , » )/d /’  1s not staply proportional
to s for the various adsorbates and this may be because

other molecular and electronic structure effects (77 -orbital
interaction with the metsl) influence the orlentation and hence
the moment effective in a direction normal to the surface,

It 18 clear from the foregoing thermodynamiec analysis that the
previously assumed relationship for A B'. colts does not have

a thermodynamic basis,
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CHAPTER V

PART IIs ADSORPTION AT SOLID ELEGCTRODES

A, INTRODUGCTION

N

problem of examination of elestrochemically 1nterest1ng'adsorbntes

El sewhere (Chapter I) referensce has been made to the

at solid metals. Despitée the much greater contemyorary
interest in and more complex elestrode idnetic behaviour at )
solid metals than at mercury, very little information s avatlable
on the adsorption of organie molecules and ions at such metals,
The effects of such adaorbctél are interesting in reiatici to
(a) electrocrystallisation of metals, (b) inhibition of one
or both of the partial processes in elestrochemical corrosion
of metals abd (e) catalytic effects on the hydrogen evolution
reaction. |

Previous studles et solid metals have utilised (1}
radlo~tracer procedurel"”'lgs but these are for the most part
inapplicable for organic solutes except when immeveriible
adsorption occurs (and non-equilibrium conditions prevail) » OF
(2) electrode capacity determinations; the interpretation of
the latter measurements xS complicated by frequency variation
of the capacity at solld metals, and in any case oan only
give non-thermodyniuic date on adsorption stnoe the Integration
constants required for caliliation of data by this method |
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could only be obtained by electrocapillary measurements,
which are of course impossible at solid metals (q.v. Chapter I),.

B, EXPERIMENTAL

(1) Apparatus

A direct spectrophotometric method has been developed
for deternination of adsorption of sultable lighteabsorbing .
organie and inorganic ions and molecules at solid metals under
thermodynamieally reversible conditlons, An apparatus (see
Flgure XLVIII page 232) was constructed to enable adsorption
studies to be made by followlng directly and continuously the
change of ultraviolet extinetion of solutions of suitable
organic compounds in an elestrochemical cell containing an
electrode on which the adsorption was to be studled.

The first electrochemical ¢ell developed in this work
was made of pyrex glass and sealed to & special &nthe-Fmert®
- optical cell which could be placed in the light beam in the
celleholder compartment of a Beckmann D.K. 2 recording spectroe
photometer, A calibrated micrometer burette which could be read
to 0.0005 ml was inserted through an upper tube in the cell
and delivered imown amounts of a solution of previously
determined concentration into the apparatus containing the
electrode. The solution was stirred by passing a atream of
purified hydrogen, helium, or nitrogens In the case of hydrogen,
it was experimentally ascertained that the gas did not
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Figure XLVIII:
Side view of the first experimentel cell used for

the determination of adsorption at solid elestrodes,




SIDE VIEW OF THE EXPERIMENTAL - CELL
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catalytically reduce the echosen adsorbate molecules or ionms

in the presence of the metel,

(11) Preliminary Qerimentsl%

Exploratery experiments were made with acridine on
copper electrodes made of high purity copper foll and having
an area of 100 cma. The electrodes were coiled in the form
of cylindrical helices to present as much area to as little )
volume of solution as possible, In acld solutions, traces of A

cuprous ions appeared in the solution due to dlssolution of

the copper, presumably of account of residual oxygen being
present. These ions interfere with the Speetrophotomefric
determination of the acridine, since they absorb in the same
wavelength region as does acridine, Use of “xygen free"

F solutions was later shown to diminish the interference by

traces of copper ions. With silver foll elestrodes, no metal
lons could be detected spectrophotometrically, but the application
of cathodie potentials (relative Yo the hydrogen electrode in

the sams splution) causes reduction of acridine to acridan

(5,10=dihydroacridine):

H\ /H
‘.
— (L
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Although this effect interferes with the determination of
acridine adsorption, 1t pro.vides a aseful way of following

the elestrochemical reduction of acridine and the concentration of
its reduced form can be followed. The concentrations of both
substances oan hence be measured simultaneously., With
quinoline on silver electrodes, adsorption could be detected

at high negative pétentiala, but some eathodle reductlon
occurred, However it was with silver that the first indicatlon
was obtained that the methoc could in principle be’succés‘smm
used, With the 100 cm? electrodes uaedv in the prelinxixiary work,
adsorption could be observed qualitatively by a decrease of
ultraviolet absorption of the solution but the effect was too

small to be measured accurately.

(111) Development of the Method

The esssntial pofnts of the preliminary work done
by Mr. Zadwldzkl were repeated and confirmed by the present
author, The work indlcated that it would be possible to study
the adsorption of quinoline and aeridine i1f all fnterferences
ware eliminated, and also 1f the sensitivity of the method
could be improveds It was clear that the method was sound in
orinciple, but that it required more elabor:te and rigorocus
p»uriﬁcatim techniques and probably the introduction of other
refinements. Further work was cerried out in which no net

current was passeds These experiments were done to test the
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value of the method. Firstly, the adsorption of acrlidine on
silver in neutral aqueous solutions was determined, and the
reproducibility was found to be within 5-10% with replicate
determinations. Exzperiments were concurrently performed on
copper in neutfal and alkaline solutions (N/10 sodium carbonate)
of acridine.

It wa§ then considered that the best method of approach
was to extend the experiments on silver by operating §ver a

wider range of concentrations of acridine solutions. This was

1imited by the volume of solution which could be used for the
subsequent ultraviolet absorbance measurements and the relative
changes of absorbance which could be detected., High concentrations
of acridine solution were also ruled out owing to the strongly
fluorescent nature of the material, which did not permit its
abgorbance to be satisfactorily measured by the spectrophoto=
meter. Various unsuccessful and time=consuming artifices were

devised to increase the change in concentration of acridine due

to its adsorption on silver, or on any of the following metals:
nickel, tungsten, copper or iron. These failures led to the

development of electrodss of increased surface area.

(iv) PFinal successful Technique

High purity 100 x 100 mesh wire gauze electrodes of
copper, nickel, and silver having an apparent geometric area

of 700 cm?, calculated from the mesh number, the diameter of
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the wire threads and the overeall size of gauze sample taken,
were made up by rolling the gauze lnto a oylindrical helix.

~ Thiscoold be immersed in only 13 ml. of the adsorbate solution,
whose ultraviolet absorbance had been determined prior to
inmmersion of the eldetrode in a newly constructed combined
electrochemical -optical cell {see Figure XLIX page 237).
The apparatus was, in principle, similer to that shown in
Figure XLVIII and was deslgned to be used with a D.U. model
spectrophotoneter using a 1 em pathelength cell, Changes in.
ultraviolet absorbance of the solution (up to 70% of the
inltiel values) due to removal of the adsorbate by adsorption
on the electrode would then be measured directiy by means of
the spectrophotometer, Figure L page 238 illustrates an
example of the recorded change in absorbance of an aeridine
solution due to adsorption by copper. In this figure the
absorbence of two standard solutions {std. 1 and sids 2) of
different concentrations (within the range stated below) are

compared with the absorbances of corresponding solutions after

equilibriue adsorption had been attained, Data for 2 samples

at each concentration are shown and illustrate the reproducibility
of the results. The measurements could be made with an accuracy
of 1% over e concentration range of 5 x 10°! to 1 x 207 ¥
depending on the extinction coefflcient of the adsorbabe and

the path lengih of the optical cell useds The solution can be
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Flgure XLIXs
Later apparatus designed for measuring adsorption at

solid electrodes,
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Figure Lt
Comparison of the absorbances two standard solutions of

aeridine at different concentrations (standard 1 and 2)
with the absorbances of corresponding solutions after

equilibrium adsorption had been attained,
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mixed elther by pessing a stream of purified hydrozen or by
manually inverting the apparatus several times. Tha present
system was not made to measure petes of adsorptlion but some
information can be obtained from the data obtained. It was
found that equilidrium adsorption occurred in less than
5 minutes after contact of the solution with the metal, most
of the adsorption having occured before:. megsurements could
be taken. Solutions containing the electrodes for as long as
one hour or more showed very littls or no additional change in
concentration, The reversibillty of edsorption at the sollid
electrode was asecertained by washing the adsorbate off the
olectrode surface with water, The same electrode was then
1mmersed in a fresh solution of the substrate when a further
quantity (eomparable with the first) of the organie adsorbate
wag renoved from the soclution.

with heutrel solutions the most promising resul:s

" were obtained by measuring the adsorptlon of acridine on

coppere The cholee of nickel as an adsorhent was gulded by
the strong chemisorptive properties of this metal. The results
however were not as expectad. Nickel dld adsorb measurable
amounts of acridine from neutrsl agueous solutions but the
amounts were small compared with those observed at coppers
Dilute acidic and alksline (N/100 ECL and N/100 §a,003 solutions

of scridine were also examined with nickel, but the presence of
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dissolved nickel ions In solution, which have e strong wlirae
vlolet extinciion in the experimental wave length reglon masked
the usual absorption pesks due tc acridine. The amount of
acridine adsorted on silver from neutral aquecus solutions was
of the same order of magnitude as that on nickel,

For the”-“{tﬁpve reasons, attention was then focussed
on the use of fine\copper gauze for further experimentation, 5
Here 1t was repeatedly found that amounts up to 70% withdrawal
of geridine from solution were recorded. This succéas, in
conjunction with the complete absence of any ab'sorption poaks
due to acridan, led to the conclusion that acridine was quite
definitely absorbed by copper, and that such adsorption ecould
be measured with comparative ease and good reproducibility if
standardisation of preparation of the metal surface and other
experimental procedures were adopted. A range of concentrations
of acridine solutionswas used, and a plot of econcentration of
solute present at equilibriun varsﬁs amount adsorbed revealed
a curve having the form of an isotherm {sse Figure LI, page 241},
The reproducibility obtained at first was falr but not excellent.

| This may have been due to contamination of the copper by an

oxide film, and such results would have been only of limited
value had not more rigorous methods of standardisation of

electrode surfaces been made.

(v) Preparation of Electrodes

Originally the electrodes were washed consecutively
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Flgure LI:
Adsorption isotherms at 25° ¢ for pyridine,. quinoline,.
and acridine at copper and nickel gauzess.
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vith vara earbon tetrachloride, acetone, dilute mitric acid
(copper, nickel and silver), dilute bydrochlorie acid (copper
and nickel only), conductance water, ethyl alecohol, acetone,
and ether. Sinece the oxide film was probably responsible for
the variation in adsorption measured, it was removed, after
the orgenic solvent end acid cleaning treatment, by heating
the metal in a stream of purified hydrogen ai not less than
600° ¢ followed by prolonged outgessing at the same temperature
in a high vacuum apparetus. This method of puri fying the
electrode gave more reproducible results, but the hydrogene
treated elestrode adsorbed somewhat less aecridine than before,
presumably owing to sintering of surface irregularities on the
metal and removal of any oxide films of substantial thickness

or' pore Bity .

(vi) Comparative Study of Two Eleetrodes Treated by

Different Procedures

In order to obtain an isotherm of nine experimental
polnts, nine sets of the apparatus desoribed {see Fig, XLIX)
would have to be used at once. Failing this, the time pequired
'éo obtain a single isotherm would be rather extended because
each used cell would have to be washed, dﬂed, and used again
for the next concentration. So that these ineconveniences
might be avoided a comperative study was made of two electrodes
of the same metal and having equal areas, which were cleaned
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by acids, organie solvents, heated in hydrogen and then
degassed in vacuum,

To one of these electrodes, a messured volume of
standard acridine solution was added [‘1n situ ”, l1.00 without
exposure to air. This was made possible by using & slightly
modified version of the apparatus shown in Figure XLIX, With
the new cell (ses Figure XLII, page 24l;) the electrode was
heated under a stream of hydrogen with the stopcock B cloSeds
The electrode was allowed o cool in a stream of hydrogen,
and when cooled, the gas outlet tube was sealed off, and the
stopcock A closeds Then the electrode was outgassed by opening
stopcocks B and C thereby connecting the apparatus to a high
vacuum line. When the apparatus was completely evacuated, the
vecuun line was disconnected. A calibrated container was
opened to the epparatus, and & known volume of Fde=oxygenated"
aoridine solution was allowed to run into the cell containing
the electrode, by breaking the glass tip shown in the diagram,

Arter the usual cleaning operations another electrode
was allowed to cool to room temperature in @ stream of hydrogen.
When cooled, the electrode was transferred to a glass stoppered
contalner attached to the vacuum line for the purpose of removing
any residual or loosely adsorbed hydrogen: This meant a brief
exposure of the electrode to air for about a few seconds during
the transference. After degassing in vacuo the electrode was

removed and placed in a glass-stoppered tube containing a known



Plgure LII: ‘
Modified apparatus used for comparative study of two
simtlep eclectrodes treated by different procedures,
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volume of standard acridine solution., This meant that the
electrode was again exposed to air for g few more seconds.

The total time of exposure was never allowed to exceed

10 seconds, The interesting feature of this experirert was

thet both electrodes showed equal amounts of acridine adsorption,
It would appear therefore thet any thin oxide £1lm which might

be formed during the brief exposure to slr did not affect the
adsorping capacity of the metal markedly, If the electrods was
exposed to air for longer periods, then the amount of acridine
adsorbed increased considerably., This comparative experiment

was repeated several times, and the reproducibility between
replicete determinations was found to be about & 2%, which was
considered satisfactory since the results for several electrodes
treated by the first procedure only did mot give any reprodaeibility
better than & 1 « 24,

(vii) Preparation and Purification of Reagents Used

Byridine (Baker Analyzed Reagent Grade} and quinouno
("Refined Grade™) were redistilled in nitrogen and in vacuo
respectively; acridine {Matheson, Coleman end Bell) was
recrystallised from methanol and sublimed,

Nemethylacridinium met:ht.}tal.x].phaim197

[@D } Me S0 ©
e

( 013H9NM3,H950“) was prepared by adding aecridine (2 grams) to
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re-distilled nitrobenzens (10 mls) at 160° ¢, followed by
freshly-distilled dimethyl sulphate (2.2 grams). The mixture
was allowed to cool at once and poured into ether, After an
hour the mixture was filtered giving the'mthosulphate as
yellow crystals in 95% yields The salt was re-crystallised
from methanol and ether. .

Nemethylacridinium chloride (013H9N Me C1),

e

was prepared from the methosulphate by passing a concentrated
aqueous golution of the methosulphate through a strongly basic
anion exchange resin (Dowex 1-X8, J.T, Baker Chemical Cos) which
had been previously converted to the chloride form. The
Nemethylacridinium chloride was recrystallised from methenol

and ether and the chloride content was checked by volumetric
titration with silver nitrate (Volbard's method) and found

to be almost quantitatively stoichiometric.

Three isomers of benzacridine, and thres isomers of
dibenzacridine were gifts from Professor Adrien Albert,
Department of Mefical Chemistry, Australian National University,
Canberra, Australia,: These samples were all recrystallised
from methanol. Pyrrole (Eastmans) was purified by distillation
in vacuo, Indole and carbagole (Eastmans) were recrysta;lised

from water and methanol respectively.
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Polyel=vinyl pyridingtgf'ct? was prepared from the
monomer 4evinylepyridine [ N :l s which was first
distilled under reduced pressur; to remove the catechol
inhibitor and low molecular welght polymers in the sample,

The polymerisation was effected by adding 2 grams of benzpyl
peroxide to 100 grams of the monomer (dissolved as a 5%

solution in re-distilled oxygen-fres toluene)s The mizture A
was allowed to stand in an atmbsphex-e of nitrogen'i‘or a Loy

days at 30° C, at the end of which the polymer (a white powder)

was filtered off and dried under vacuum.

Poly=li=vinylpyridine ‘b_utyl bx'pmide, the quaternary
salt of the polymer, was prepared by adding an excess of freshlye
distilled nebutyl bromide (about 810 times the bhe'ore'ticgi“
amount required) to the polymer dissolved as a three percent
solution in nitromethane. The mixture wae heated under a reflux
condenser at a temperature of 65° C for three days., The
solution was allowed to stand at room temperature for three
more days, and the poly-quaternary salt préeipitated out as
an amorphous solid. The erude polyeleetrolyte was resprecipitated
from ethanol and ether. Better yields could be obtainsd by

reprecipitation from ethanol and ethyl emetate.-200
Hydrochloric acid and hydrobromie acids used in the

experiments were of "Baker Analyzed Resgent" grade.
The methanol21*23 ygeq was "acetone free" reagent

grade supplied by Brickman and Co., Montreal, It contained
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about 1% ethanol, and was further purified by the following
procedure. 25 grams of fodine were dissdlved in one litre
of methanol, and the. solution was slowly poured into 500 mls
of stirred NeNaOH solution. A small amount of yellow precipitate
of lodoform was formed, The solution was kept over-night end
filtered. The methanol was refluxed over magnesium with a
small amount of lodine for about 5 hours and then fractionally
distilled, and a fraction boiling between 84670 G was
collected. This was again refluxed with a fresh quantity of
magnesium in the pressnce of Yodins. Thls proeedure was
continued until the distilled methanol gave a vigorous reaction
#ith magnesium. Methanol was finally distilled over magnesium
and the fraction bolling at &4=67° C wes collected for use.
Conductance water was prepared by distillation from
an alksline solution of potassium permangerpate (made up from
"distilled water") followed by another distillation in nitrogen
through a colum of glass beads at £00° C, and finally a
direct distillation in a stream of nitrogen gas8 purified from
carbon dioxide and oxygen, and passed through three traps in
liquid air. Where otherwise stated, all adeorption experiments
from aqueous solutions were carried out at room temperature
using conductance water. The effect of pre-electrolysisaoh'zos
of the solution was examined in the case of acridine (vide
infra) by electrolysing the redistilled water for 2y hours by
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means of & carrent of 2 x 10™° amps (at 500 volts) using a

2

mercury cathode 100 cm” in area; the weter was stirred by

means of a stream of purified hydrogen.

Co RESULTS ARD DISCUSSION

(1) Adsorption 1 s0therns

Adsorption isotherms for acridine, quinoung, pyridine,

2, 3=benzacridine, 1,2-benzacridine, B:M-hwsacﬁdina, Hemothyle
acridinium methosulphate, N—methylaqridinium chloride,
1,2,7,8+dibenzacridine, 1,2, 6 7=dibensacridine, 3,4, 6, 7-dibens-

acridine, pyrrole, indole, carbazole, the polymer polyelevinyle
pyrfiine and polyshevinylpyridine butyl bromide were determined
on nickel, eopper and silver fiom aqueous solutions N
(conductance water X = 5x 10”7 mhos), methanolie, and |
acldie solutionms (HC1l, HBr and ch.oh). A seleetion of the
more successful results are shown in Figures LI  and LIV,
Except where relevant, the discuseion will mot include reference
to many time~consuming but abortive preliminary experiments
done during the course of dovelopment of the final successful
technique,

111) Determination of the Solubility of Acridine in Water

In the case of the studies of acridine adsorption,

Solutions of known concentration in pure water were required.
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Flgure LIIIS
Adsorption isotherms at 25° C for acridine at copper
from solutions made with conductance water, pre-

electrolysed conductance water and distilled water..
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Figure LIV:

e (1) Adsorption isotherms at 20 ¢or quinoline
on silver and nickel

8 (11) Adsorption 1sotherns st 25° 7 o pyridine
on nlckel and silvep

(b) Adsorption 1sotherms at 250 ¢ of 23 benz
acridine in methenol on silver

(4) Adsorption 1sotherns at 25° ¢ of Femethyle
acridinium methosulphste on copﬁer' |

() adsorption isotherns at 25’ ¢ of Semethyle
' acridiniun ‘ehloride on coppex'.

Por clarity these figures are shown on the four following

sheots.
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Since this compound is sparingly soluble in water such
solutions could not be prepared direstly., A saturated
solution was therefore first made up in pure water, and its
concentration determined spectrophotometrically by conversion
to acridinium fons by means of excess aqueous 0,1 ¥ hydroe
chloric acld, followed by comperison with a standard solution
mede up from a welighed amount of aesridine in 0,1 N HCl

(in which the base is of course appreciably soluble}. The
solubility of é saturated solution of acridine in water was
found to be 3.4 x 1074 u per 1itre at 25° C, This 18 a useful
method for obtaining quantitative solubility data on organioe
compounds which are normally listed qualitatively in _the
literature as "sparingly soluble", "slightly soluble”, or
"partially soluble”. Purther solutionsof known concentration
could then be prepared from the saturated one by dilution.

(111) Ultraspurification of Water

The effects of ultra-purification of the solution

204=205 of the conductansce water were

by pree-electrolysis
examined. This purification procéiure by preeelectrolysis

causes the deposﬁ;ion of trace heavy metals or other depclarisers
which may be likely to cause interference, Good agreement

within tolerable limits of experimental error was found with
solutions mads up with (1) distilled water {i1) conductance

water and (111) conductance water preelectrolysed at a meroury
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cathode and a palladium anode at 500 volts for 2 hours,
Figure LIII illustrates the results obtained which indicate
that ultraepurification is unnecessary for the present adsorption
studies at larpe eleotrodes. It appears that equilibrium
measurements of this kind are less susceptible to impurities
than' are kipgtic ;neasurements on electrode processes. Thus,
sati$factory results were also obtalned by Devanathan® and by
the present author (loc. cit) in elsetrocapillary studies
without preeslectrolysis. Also, even the smallest additive
concentrations used {cires 1.0"6 M) are probably muich greater
than those of any minube traces of impurities shich might
remain after the distillation of the solvents.

(1v) Bole of Verylng Adsorbent

In all the cases examined, copper was found to 4
adsorb- the greatest amount of organic sdditive as compared
with nickel and silver for o given solute concentration., This
was somewhat surprising because it would be exzpested from the
strong chemisorptive properties of nickel ghat this metel would

" adsorb the largest amount of orgsnic additive, For example,
copper showed an Appreveiable adsorption of acridine, at least
twice that taken up by nickel from a neutral aqueous Bolution_
of the adsorbate at the same concentration. It is clear that
competltive adsorption between the acridine and water molecules

mast occur during the adsorption process. so that this result
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may be interpreted as due to stronger chemlsorption of water
by alckel since the number of positive deholes in nickel,
which enhances adsorption by "electron acceptance” from
unshared palrs on 0 in B0 or II in m3’206 i3 greater than
in copper.

Acidic and alkaline solutions of acridine were also
examinad with nickel, but the presence of nickel ions in
solution, which have very strong ultrseviolet extinetion in
the experimental waveslength region, masked the usual
absoi-ption peaks due to acridine. Silver adsorbed acridine
from aqueons solutions to about the same extent as nickel.
For the reasons mentioned above, atténtion was focussed on
the use of cdpper. Quantitative comparisons of the adsorption
behaviour are given below in terms of standard electrochent oal

freo energles of adsorption.

(v) ROle of Adasorbate Structuve

Experiments were performed with copper using pyridine,
quinoline, and acridine as adsorbates. Three adsorption
1sotherms were obtained {see Figure LI), and their heights
were in the order of increasing ring sise. The equilibrium
constant for adsorption was not dirsc§ly proportional to the
number of aromatie rings in the molecules used but the wbrk'
carried out demonstrates a regularity in the trend of the
isotherms. This Pesult 15 qualitatively comparable with that
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obtained for polyeyclic eromatic hydrocarbons adsarbed at

18218} o ere the degree of adsorption at a glven

mereury,
solution concentration has been found to inerease with the
number of condenssd conjugated rings in the molecule {see
Figure LV, page 256).

Inspection of Figure LI shows that after ths initial
inflection in the isotherms, there 15 still some tendency for
the amount adsorbed to lnorease with intreasing solution
concentration, This may be due to the hetérogeneity of the
metal surface or to thermal disorientation of the monolagse
which allows some molecules to stahd on edge or at an ang}e to
the surface, Cleaned copper, unheated in hydrogen, adsorbs
more acridine than the hydrogenetreated metal, This effect is
probably due to sintering of surface asperities and also to the
fact that any film of copper oxide (because of greater porosity
and surface ares)imay ba/ atronger adsorber than the pure metal
surface. '

It is observed from the isotherms ‘_t‘hat the extent
and bence the free energy of adsorption of he organie‘baso:s
at copper at a given solution concenvration inereases with
increasing number of condensed conjugated rings, thus paralleling
the trend of heats of sublimation in ahhomologous seriss,

However, it 15 not immediately obvious that such a trend should

be obser¥ed, since dach adsorbed organie molecule must cause




Figure LV: .
Ring size of aromatie hydrocarbons and their surface
activity at mercury (after Frumkin, Gerowies and
Rybal'schenko). n = number of rings; log (activity) 4s

an arbitrary measure of the surface activity corresponding

to the concentration of adsorbate required to glive

& glven depression of surface tension by each compound,
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the desorption of several water molecules if it 1ies flat
upon the surface, and each water molecule is held to the
surface with an heat of adsorption of about 13«18 k.cals/" |
mle?;ﬁ:?,',ZOS This gain in energy of water molecules is parily
made up by interaction of water with 7 -orbitals of the
conjugated rings which may cause a decrease of energy of the
water mols cules adjacent to the adsorbed organic base of
3ol ‘kecals/mole of waters2?  The precise nature of the
1ntermoleéular bond between the water and the organic compounds
1s uncertain. It may result from the interaction of the
hydrogen atom of the hydroxyl group and the _7T =eleetrons of
the aromatic aystom; This idea was proposed by Badger and
his eo-workers.ao’m Finally it 1s also in agreement with
the views of Hunikenaz who suggested the poaait;ility of weak
hydrogen bonding between the hydrogen atom and the "somewhat
negatively charged carbons of the benzene rings”.

The 1imiting value of the surface coverage of copper
by acridine in the isotherm for copper (heated in hydrogen)
corresponds to complete coverage of the metal by a monolayer

of acridine molecules 1ying flat, if we fake the area of the

X

02
acridine molecule a8 65 & , a figure derived from the meesurements

of e spaco-filling scale model of the molecule, using a real %o
apparent area ratlic for copper heated in hydrogen as 3.5.213
It follqwa from the isotherms that at the highest concentration

of pyridine and quinoline studied, the surface is not fully
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covered by these organic molecules. In these systems, a

simple Langmuir isotherm may not be expected to hold for two
reasons: firstly, in aqueous solutions, there will be

competitive adsorption between the organic molecule and

water, and secondly there can be interaction effects between

the adsorbed specles due to dispersion and coulombic forces

{1f the additives are present as lons; see Below), so that

an isotherm of the Temkin type would perhaps be more applicableah
under certain conditions (as we show. slsewhere in the case of -

adsorption at mercury).

Ivi) Further A'atgts to Sorrelate Adsorbate Structur
with Dogroe of Adsogtio .
Three isomers of benzacridine and three of dibenze
acridine were obtained as a gift from Professor A, Albert,

The adsorption of these substances was examined at copper,

but their solubilities in water were far too low (less than

6 M) for them to be usefully employed. An analogous series
(1.0. of compounds differfng from another by one ring) comprising

* pyrrole, indole and carbazole was explored as a second possibility

to study the effect of ring size on adsorption at copper. The
solubility of earbazole was again found to be too low for
practical uses A further restriction was the absence of any

sherpabsorption peaks in the ultra=violet spectrum of pyrrole,
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The change of solvent from water to methanol wes
then made in order to overcome the difficulties presented by
the insolubility of the compounds. Hethanolic solutions of
acridine, pyridine and quinoline were then used with copper,
nickel and silver. In all cases Ni and Ag showed very little
adsorption of the organic additive. Trace amounts were i.
adsorbed by copper, uhlch confirms the trend already noted that
copper 1s the best adsorbent of the three metals invthQse
experiments. HNegligible amounts of 1,2«benzacridine and 3,4e
benzacridine were adsorbed on Ni and Az from methanolie
solutions. With copper, only 2,3-benzacr1dine showed &
significant amount adsorbed from a methanolis solutions
containing approximately & hundrdd fold smaller conecentration
of molecules than that previously used for pyridiné. quinoline
and aeridine (see Figure LIV (b)s This result is not
unreasonable 1f one inspects the structure of the three

benzacridines used:

1,2-benzacridine

2, 3=benzacridine

3,44=benzacridine
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It may be seen that 2,3-benzacridine has the most
favourable structure for maximum adsorption in a planar
configuration. These pesults also suggest a parsllelism between
the degroe of adsorption and the solubility” of the adsorbate.
Acridine, quinoline and pyridine are very soluble in methanol,
while 2,3ebenzacridine appears to be the least soluble, An
explanation of the negligible adsorption from methanolic
solutions is that there exists the usual competition betwsen
the interphaseﬁ and the bulk phase for the solute, and in
the methanolic solution the organic molecule hes a lower free
energy of solvation than in water. With 2,3«benzacridine
adsorption forees "dominatep" over the golubility effect, and
it 1s then possible to measure 2 significant extent of
adsorption over a reasonsble range of concentrations and
obtaln an isotherm. The results clearly indicate that the
adsorption of 2,3=benzacridine must therefore be very strongy
an additional confirmation that the degree of adsorption
increases with increasing ring structure.

This is not the only factor concerned mince quite soluble

derivatives e.q. quaternary lons of the bases are strongly
adsorbed from water at Hg. , : ,

. ‘ .
** Hero we prefer the use of the term "interphase” pather than
"interface" as 1t aliows & better deseription of the 2 phase
equilibrium which oeeurs in adsorptions’ It also avoids the
introduction of fietitious concepts such as adsorption in a

2 dimensional "interface”.
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(vii) Adsorption of Ionic Substrates

Attempts were made to measure the adsorption of
acridinium ions on copper, nickel and silver, Pyridinium and
quinolinium ions were not used because of the relatively small
amounts adsorbed shown in the experiments with the neutral
molecules, To maintain the organic bases in their fully
lonised state (1.0, mot less than 99.9%), acidified soliutions
of the substrates must be used; this is to prevent hydrolysis
of the ions, However, the presence of excess acidity gives
rise to problems of a different and difficult nature, namely’
the dissolution of the adsorbent, The presence of copper and
nickel ions, andfor complexes formed between the metalllc lons
and the organic compounds tends to mask the ultra-violet
absorption bands of the organic adsorbate, thus interfering
with the analytical determinations, Copper 1s insoluble in
¢bmpletely oxygen=free acid solutions, but such ideal conditions
can only be achieved experimentally with considerable difficulty.
Acidlc solutions of acridine, for example, were "de-oiygenated"
by continuous bubbling with oxygen=free nitrogen or hydrogen
but complete exclusion of oxygen could not be attained.

Traces of oxygen can cause sufficient dissolution of copper
to interfere with the observation of the ultra=violet spectrum
of acridiﬁe and other organic substrates,

The interference by silver ions, presumably due to

3
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the small solubility of silver chloride, is not serious at
moderate concentrations of acridinium chloride, but the extent
of adsorption of acridinium lons by the metal:was, at all
solution concentrations,at least several times greater than the
adso‘zption of the corresponding neutral molecule from a neutral
aqueous solution or from a dilute pefchloric acid soluﬁion.
This may possibly be due to adsorption of acridinium ions on
the metal surface as well as on the silver chlorids, which is
well known as a strong adsorbent. The adsorption of the aeridinfum
lon from 0.1 ¥ aqueous hydrochloric and 0,1 ¥ aqueous perchiorie
acid solutions was examined with the aim of estabiishing the
effect of lonisation of the base upon its adsorption, and the
effects of the gegen~anions (C1” or 0101;).
_Figure LVI, page 263 shows the isotherms at silver

at 25° ¢ for the acridinium ion in 0.1 § aqueous HCL and
HG].OLl respectively; two interesting facts emerge from these
results: (1) the "ammonium type® ion is a8 strongly adsorbed
as the neutral molecule and (ii) the seridinium fon in HCL is
more strongly adsorbed then in Hcloh. It 8 well known from
electrocapillary and double-layer capacity studies at Hg that
the C1~ ion is more speciflcally adsorbed then 610{", and the
results shown in Figure LVI suggest that in HCl, a synergetie
effect 1s present viz. that the specific adsorption of C1"

~ asslsts the adsorppion of the acridinium on bysdiminishing the
coulombic repulsion between the charge on the adsorbed lons;
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Flgure LVI:

Adsorption isotherms at 25° C of acridine at silver
from aqueous hydrochloriec and aqueous perchlorie
acids, respectivelyy
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this effeet is less important in ECloh where the anion is less
Specifically adsorbed,

In the aeid solutions of the acridine used, the
molecule 18 present in the lonic form to the extent of about
99.99%. Since strong adscrption 1s observed under these
conditions, it is unlikely thet the active species in acid
solutions of basic heterocyclic corrosion inhibitors is the
neutral molecule although it could be in'the case of sromatie or
aliphatic amines where the ¥ is not in a conjugated ring,as
previously suggested.zls;zl? Strong edserption of thé quaternary
lon Nemethylaeridinium (chloride or methosulphate) was also observe
(8ee Figures LIV (¢) and (d)), and for this cese there can be no

ambiguity concerning the species adsorbed.*

This possible difference of behaviour may be understood as
follows: in the case of heterocyclic bases both the H* or
Nemethyl quaternary ions and the corresponding neutral bases
could be adsorbed through the 77 =orbitals at the NeC bonds
So that 1llttle diffepence between their standard fras energies
of adsorption might be expected (a5 found in the present
work at mercury}. However, with aromatiec or aliecyclic bases
no sueh 7r ~orbdital interaction 1s possible in the quaternery
ions whilst in neutral bases, on the other hand, the lone pair
orbitel on the nitrogen atom is available for interaction
with the metal; in fact, in some cyelie amines, the character
of the CeN and NeH bonding at the nitrogen centre spproaches

8p3.218 The obaervationz16 that quaternised aromatic and
aliphatic bases are less active as eorrosion inhibitors than
corresponding solutions of the same bases in acids has ied
to the suggestion that in the latter solutions 1t is the
neutral molecule which is effective in modifying the kinetics
of the partial reactions proceeding in the slectrochemical
corrosion of iron,
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Further evidence concerning the identity of species
adsorbed from solutions of heterocyclic bases is afforded by
the following considerations. We have mreviously shown
(Table VIII, p. 170) that the free energles of adsorption of
the bases in neutral and lonlc form were surprisingly similar.
This might have arisen if the neutral molecules {or the ions)
were adsorbed In both the neutral snd the acidic solutions
despite the fact that in the latter case the concentration of
neutral molecules would be very small. From our results
(ps 200 et seq.) on the adsorption of pyridine in HC1 and
Nemethylepyridinium chloride (MePyCl) in HC1, it is possible
to make a direct comparison between the electrochemical free
energies of adsorption A ads of pyridine and MePyCl and

the data are shown below

0
Comparison of Electrochemical Free Energies of Adsorption (AT )

X at B, = =800 mV at B . = 1000 nV
Adsorbate

8= 0,25 8 = 0,25 8 = 0.5
Pyridine® - b2 - 1.8 - 1.8
Pyridinium’ R e et - 3.8
HePy+ - h.2 - h.9 - ho?

It is seen that at given potentials the values of
0

JA) Eada for pyridine are in close agreement with those for

MePyCl for which there 1s no ambiguity concerning the identity
of species adsorbeds This comparison is regarded as legitimate
since the quaternary icn differs from the protonated ion only by
one GHZ group. It 1s therefore concluded thet the species

adsorbed from pyridine solutions in aqueous HCl ape predominantly
the pyridinium ions and that the comparison between the electpo=
chemical free energies of adsorption of neutral and protonated
fons (Table VIII) is meaningful and legitimate.
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(vif1) Effeet of Applied Pobentials

The effect of applied potentials eould not be
satisfactorily followed with copper and nickel electrodes
because: bf tﬁe problems already stated (vide supra). ' The
presence of nickel and copper lons masks the u,v. spectra of
the organic molecules, However, Zaumi‘dzki:"96 was able to show
with quinolinium chloride in 0.1 N aqueous HCl at Ag electrodes,
that adsorption can be followed as a function of electrode
potential since reduction did not occur until the potential of
the electrode.was more negative than «0.45 volt with respect
to a 0.1 § aqueous HCl-calomel electrode in the same solution.
Wth acridir;ium chloride, electrochemical reduction occurred
with faeillty when the eleetrode was polarised eathodically
with respect to an hydrogen electrode in the game solution,
In this case, the reduction interfered with the determination
of the acridine. Nevertheless 1t is of interest to note that
the method can provide a useful way of following the el ectroe
chemical reduction of acridine and other substrates (as we
have mentioned above) since the rate of loss of acridine and
the rate of formation of its principal reduction product,
acridan, can be determined simultanecusly in very dilute

solutions (down to 1070M). (See Figure LVII),
Despite the apparent lack of suecess in following

the adsorption behaviour over a range of applici potentials
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Flgure LVII:
Ultra violet absorbance Spectra for acridi;ne (bold
line) and acridan (dotted line). For acridine the
three adsorption peaks occur at 260 m o 30 m//v

and 38 m/ « The absorption maximum for aeridan
occurs at 290 7» .
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with electrodes of copper, nickel and silver, it may be
expected that such studies could be made Successfully with
electrodes of more Noble metals, such as platinum, gold, or
1rid1um. The experiments were not pursued because of the
prohibitive cost ($1500 was quoted!) of obtaining large gauze

electrodes of surficiently fine mesh from these precious

netals,

(1x) Standapa Electrochemical Free Energies of Adsorption

and the Form of the Isotherm

In order to investigate the form of the isotherm
which could represent the results (ses Flgure LVII) and to
compare the behaviour of the adsorbates at the 80lid metals
with that at Hg, the standard elestrochemsca] free energies
of adsorption A G have been ealenlated according to
equation (118) and are plotted as & function of surface
coverage @, The values of § were obtained from /’ A valuea
from Figure LI, page 241 as in the case of adsorption at
mabcury discussed in the earlier section of the thesis, The
following /7 - values were esiimated from using the
following plana: projected surface areas: derived from scale
- atomic models: acridine 65 Az, quinoline 53 A » and pyridine
38 Az. The reel to apparent area of copper was taken as

/gnd that of nickel was azsimed to be the.same, 3eedrdingly,
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Flgure LVIII:
Adsorption isotherms at 22° ¢ and 80° ¢ for acridine

on nickel, silver and coppers
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the maximum coveragesty the heterocyclic beses were estimated
to be 5.4 x 10“‘, 67 x 10”‘, and 9,1 x 10”‘ moleeules/cmz
for acridine, quinoline and pyridine respectively. In contrast
to the case of adsorption at mercury (at high ooverage), it
would appear from Figure LIX that the molecules tend to 1ie
flat on the metal surface. The plot for quincline ({dotted
line) departs somewhat from linearity espeeially at low
coverage (below 30%). This may possibly be due to the
experimental uncertalnty in the determination of the isotherm
at low coverage. The best experimental results have always
been obtained with acridine, and Flgure LIX demonstrates quite
clearly that A 30 1s independent of & for this adsorbate on
nickel and copper as distinct from the case of polarised
mercury surfaces where thers is evidence of sharp changes in
slope in the plots of @ (or 93/ 2) versus /A '(?o for several
adsorbates, It is tempting to attribute this difference to
the greater tendeney for 7/ -orbital interaction with the
transition and neighboring metals, Cu and Ag, than at Hg
which has less "transition metel character" than Cu or Ag.

The independence of A 60 upon @ shown in Figure LIX
indicates that over a surprising range of surface coverage the
Langmuir {sotherm is spplicable. Under conditions where there
1s Uittle orientation, 1.e. for low fields, low degrees of
coverage and lesst /7 -deflclency (e.g. in aniline and 2-aminge
pyridine) in the adsorbate, this is also the case for Hg;
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Figure LIX:

Verletion of electrochemical free energy of adsorption
0 ,
A T egainst tne surface coverage & for acridine on

copper and nickel; quinoline on copper and pyridine
on GOpper_.
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however, at higher fields op surface eoverage orientation
appears to occur more readily at mercury than at the solid metals,
snd ) 'G'o 18 then 2 function of § and an 1sotherm of the Temkin
forn 15 then applicable, The tendeney for the molecule to be
adsorbed in the "flat configuration™ will presumably be
determined, amongst other factors, by the 7 =orbital intere
action which 43 then possible with the metal; such orientation
will then give minime) dipole interaction since in two
dimensions the flat heterooyelic bases will be oriented at
random,
It 1s st111 Puzzling why under these conditions

A't'}'o does not increase with 8 on ageount of van der Waals
interactions. A possible bxplanation may be that as the
surfece concentration of organi¢ molecule increases and that
of water decreases, thgwenergy of disp;acement of the lattep
will tend to ineresase and compensate coincidentally the hi gher

energy of adsorption of the organic adsorbate with increasing
Coverage,

(x) Heats and Entropies of Adsorption

The spectrophotometrie method was alsp applied to
the deternination of 1sostepse heats of adsorption Ai° op
- &cridine at copper. by obtaining the 1®otherms ag different
temperatures, and applying the integrated form of the Clausiyge
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Clapeyron equation; a9

at halfecoverage of the metal surface,
the heat of adsorption may be calculated as about 5 keals/mole,
However for the adsorption of acridine at silver or nickel the
isosteric heat of adsorption at helf-coverage could n_ot be
caleulated (see Pigure $VIII) since over the range of
concentbations stulled, comparable surface ‘coverages were not
obtained at the two temperatures examined and even at lower
coverages the same problem remains (see e 267). Values of
A B° were also estimated for acridine on copper and éilver at
lower su-rface coverage and the results are tabulatedﬂb‘élow
together with the corresponding 4 s° valuesderived-frpm
AR and Ae® values,

TABLE XI1
Coverage @ Probable
Fanction 0.2 0. 3 00,4 005 error
AP (o)
keal, mole"l - 598 - 5-1 - Sth - h.9 & 005
A g (Cu) '
esit 1 . 13 1} 2
A8 (ag)
keal, mblg.l - 3.8 - 3,9 - ,4'1 - i 005
A $° (ag)
Celly 1}4 lh 1}.} - : 2
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In view of the usual experimental difficulties involved in
estimations of isosteric heats of adsorption; the values “ghown
above are probably only significant to the flrst figure;
These values do not compare too unfavourably with the ones
given by Newmiller and Pontiusaao for the adsorption of orgenic
photographic developers on silver, using a technique based on
the published method reported in this thesls. Thelr resulta
are summarised below:

TARLE .XIII
Substence - Struetural ' Formula. ' l‘:cjil g:lt?
h-amino-}methyl-ﬁ,ﬂ- | ,G 2H5‘ o '11 1
diethylaniline } \G ZHS - |
p=zethylaminophenol - o
p=phenylenediamine @_ | . 5_' 6
Y~emino=3emethylele
etiylele( (5}- metiyl
sulphonamide ethyl)e 1213

aniline

CH “om ,=CH -N—g-CH
i 3

The values of « A H° glven above are an average of a numbep of

values from 50% to 804 surface covefage.
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The significance of the heat of adsorption value for
acridine at copper 1s complicated by (1} the fact thet upon
adsorption of the acridine molecule several water molecules
must be desorbed from the surface so that the figure obtained
for @ = 507 represents a relative heat of adsorption, and 1s
not simply the heat of interaction of the molecule with the
bartially coversd) surface, and by (2) the fact that the
sotherns at low tempersture do not reach the same "saturation
value” as at higher temperatures. fhis, hdwever, 15 a problem
which 1s not confined to the present case, and similer -
behaviour hes often been observed® in the study of adsorption
over a range of temperatures. If allowance 1s made for the
heat of adsorption of several water molecules corresponding
to the area occupled by the adsorbate molscule lying flat
upon the surface, and for the fact that these water molecules
are returned to the bulk phase with an energy change approximately

equal to the difference between the heat of adsorption from the
208

gas phase™  and half the heat of vaporisation of water, one

obtains a heat of interaction, e.g. of acridine with the copper
surface of the order of 30-35 keals/mole. This vould be high
for & physical adsorption process but the relatively large
value deduced ig probably due to other offects including, for
example, the m ~orbital interaction of the conjugated rings
with the surface as demonstrated by Gerowimz182 in the case of
adsorption of naphthalens and anthracene at Hg and alsp {n the
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case of heterocyclic bagss {pyridine etc.) at mereury
examized in the pz'esent wox'k. Such a high heat of adsorption
may well be a case of "weak chemisorption" as pointed by
Holkenstein223 or 1nvolve opening of the conJugatad rings
as discussed in the Appendix, for other aromatic or cone
Jugated heterocyelic molecules.
From the AEO values discussed above and the
~experimentally determined isosteﬂc boats of adsorption, it
1s possible to estimate the standard entropies of adsorption
which are recorded in Table XII. The main point of interest
in these 4 S° values is thes they are positive, while in the
case of adsorption from the gas phase » entropy changes are
usually negative on account of loss of degrees of m_edom of
the adsorbate upon adsorption at the interface. An explanation
of this apparent ano@y follows, however, from the statemsnt
made above, namely that upon specific ad_sorption of the
organic solute, displacement of several water molecules from
the surface must ocour,- the adsorption of the organic additive
being competitive with that of water as discussed previously
(Chapter IV, A, iv)y This release of water molecules will be
accompanied, per mole » by a positive entropy change of the opder
of the entropy of fusion of water, Since the organic molecule
will be equivalent in area to about elght water molecules it
may be understocd how a net. positive entropy change can result,




() Summare

4 novel method has been developed for the direct
determination of the adsorption of conjugated organic molecules
or thelr lons at solld metals undepr equilibrium conditions,

The requirsaent of confugation arises. sinece, in this method,
the determinations of the concentration of .the adsorbate in
solutlon are based on the divect measurement of the absorbance
of the solution at a suitable wave length in the ultra-violet
or visible absorption spectrum of the compound,

Although, during the course of the work, it besame
epparent that the method suffers some limitations oﬁ aocount
of (i.) the' necessity of nfsing conjugated solutes and {11) the
possibility of electrocatalytic reduction of the adsorbate
under cathodie polarisstion, it has nevertheless-enabled direct
comparisons to be made between the behaviour of solid metals
and meroury with respeet to adsorption of elsctrochemically
interesting solutes such as heterocyelic bases end their ions,
In this respect the development of the method mst be

regerdad as suecessful’ since the adsorption can be determined

¥ Since  Dibliggtion of the present method and results obtained
therefromi97-188, Pontins and Newnil1er220 haye adopted the
Same technigue in tncir studies of adsorption of photographie
developerson silver and have been able to clarify the 13le of
adeorption in the mechanism of photographic development,




e 217 -

at true equilibrium whersas with other methods, e.g. use of
redioetracers and determinations of electrode capacity,

this thermodynamic requirement cannot always be realised in

' practicel93 and, as a consequenos, very little thermodynamically
unanbiguous data have hitherto been obtained for adsorption
of organic solutes at solid metals, It is elesr that the
method ocan be further developed e.g. by use of fine electrode
gauzes of a noble metal over a range of "anodic” potentials
where no hydrogen ean be generated and no attack of the

metal can occurs Owlng to the difficult technical problems
elready encountered in the work reported and to the
unavallability of such an elsctrode matertal at the time of
development of the method, this aspect of the work could not
be pursued further by the present autho;'.
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APPENDIX

A, GENERAL OUTLINE

In the introduction of this thesis a comprehensive
review on electrochemical matters of direct relevance to
studies of electrochemical adsorption was presented,

Mach (@e8+8L,57,63 ), though not a1l *8¢31,182,183) of the
previous work in the field of adsorptlon of addftives at
electrified interfaces has been concerned either with the
effects of these compounds on the kinetics of eleotrochemical
reactions or with their effeots on the nature of the double
layer. The complementary problem of the zatiwe of the specific
adsorption forees involved in the additive-metal interaction
8Y electrodes has recelved loss consideration although some of
the "chemical®™ factors have been disoussed (216) in pelation to
adsorption at iron. A number of other factors havé, however,
been examined in some detafl in regard to gasesolid heterogensous
reactions and to the corresponding adsorption equilibria
involved in such reactions, It is the purpose of this Appendix
to bring together some of the more important raétors determining
adsorption forees at metals and to examine more particularly
those aspeets of the subject which have some interest and

relevance to electrochemical adsorption of additives as studied
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in the present work. A4 full review of the subject of adsorption
et metals will hence be regarded as being outside the scope of
this thesis, and adequate ané comprehensive reviews have

appeared elsswhere,

B, BATURE OF ADSORPTION FORCES AT THE MEMLLIC SURFACE

() Van der Waals I\"c'n'ceia]'?%e,22

These are the attractive forces which lead to
physieal adsorptioln and arise in the adsorption of non=polay
&8 well as of polar molecules, They are mainly the London
"dispersion” forces, & term deacribingaa‘ the alose conneet!.on
between their origin and that of optical dlspersion, The

interaction energy between & pair of atoms may be represented

as
A
E, =i}.. '62' + A (k)
oy "

where Al’ Aa and R are constanta dependent upon the nature of

the atoms. In equation (]M;) the first term 1s due to

interactions between mfitually induced dipoles and the aecond
term is dne to interaction between mutually induced dipoles

and quadrupoles and the third term is one of repulsion. In
the repulsion term, n 1s usually taken to be 10-12,

| Frequently, in pnmerical' calculations of adsorption

energles, only the first (attraction) term ig used, because it
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15 usually assumed that the repulsion term and the second
attraction term are approximately equal and opposite. London
derived the following approximation for Al

_ 3%y ey (”V1ye )
hoE 2 . P1+/2 (145)

where £ , and o{ , are the pol#r!.sabniﬁea of the interacting
atoms,h is Plenck's constant, and y and Y 2 8re th_e. :
charac‘teristic frequencies of the optical diSperaiqn curve of
tha atoms, Slater and Kix-kuoodzas derived azother approximation
for A, and this form of the interaction term has been used in
the interpretation of adsorption data obtained in the present
work (see Chapter III, A (v)}. The treatment glven above may
be extended from the interaction betwsen two isoiated molecules
to the sltuation of the mutual interastion of molecules with
metals,

(11) Interactions of Nonepolar Molecules with Metallie

Surfaces

| ¥hen non-polar molecules approach a conducting
surface, the Ven der Waal's forces must be modified to include
increased repulsion. Margenan and Pollara?2 have shown that
& metal cannot be treated as "deally polarisable”, L.es the
flelds of the continually changiﬁg dipoles in a nonepolar
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molecule~ ﬂucﬁuate so repidly that induetion of polarisation
amongsﬁ the conduction electrons in the metal camnot follow
their fluctuations. In Margenau and Pollard's treatment the
metal 18 regarded as behaving as a dielectric body giving two
interaction terms: one from polarisation of the adsorbed
molecule and the other from the polarisation of the metal,
The second term leads to a positive energy contribution
representing repulsion but nevertheless, the total energy of
interaction 16 inversely proportional to the third power of
the shortest distance between the adsorbate molecule and the
surface (r ). The most serious drawback in caleulating
adsorption energles is the lack of an exact knowledge of the.
d_lstanas Foo which is determined by the equilibrium of all

~ attraction and repulsion forces acting on the adsorbate atom
or mlecule, Related lattiee'and sublimation energles on the
other hand ean be accurately caleculated beo&uae the distanee
between ions and molecules are well known from Xeray diffraction
data,

(411) Physicel Adsorption of Ions and Polar Moleeules

on Metal Surfaces

Both polar molecules and lons interact with metals
in a way that is best deseribed in terms of image. forces,

1.6+ an electric chargs of epposite sign which may be
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mathematically considered to form below the surface at a
distance equal to that between the actual Inducing charge
and the surface. The image force for an icn is given by
g2 o2 :
S B (146)
b r |
where z 15 the number of elementary charges on the ion, e the

charge on the eleetron and r is the distence between the ion

and the sarface; the contribution to the adsorption energy ‘
1s thent T | | -
2.2
B = E.L. 41%))
h rc , '

where To {8 now thé equilibrium distance” between the lon and
the metal surface, |

The prodblem of assignirig & meaningful value fo;- Ty
can be seen from the following considerations. Frequently this
distance has been assumed to be the sum of the "padli" of the
adsorbed atom and a surface etom. These radil are then derived
fron experimentally determined figures of distances of the
same atoms in other combinations. In some {nstances caleulations
have been made with the "Van der Waaldd radii” (see Flgure LX

page 283). Inspection of Bigure ana?‘wm show that the nature of
3

It should be noted that the applicability of this image
potential equation to the lonemetal intemastion at digf&nees
To» comparable with atomic radii, has been questioned.

The "discontinuous” nature of the metal surface, as seen by

the adsorbed ion, will render the basis of the image potential
relation incorrect at short distances,
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Figure LX: N ' SR
Depgndenc;. of the adeoiz;tion fbrqe on the polarilabnitj
of the adsorbents the interaction distance r,, between
the adaoibed m1e6ﬂ§ and surface is far smaller if tho
region of "deal polarisabllity® starts at the outer
peripheries.of the atoms of the adsorbent (Van der
Wals radii, ges A) than if this reglon starts at a
plane through the sentres of outer atoms (see B),
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metal surfaces presents a second serious difficulty in the
caleuletion of Ty and hence the adsorption energles, Uhen
the adsorption forces depend on the polarisability of the
adsorbent, the effective distance between the adsorbed
molecule and the surface is far smaller if the reglon of
"ideal polarisability” begins at the outer peripheries of
the atoms of the adsorbent than if this region starts at a
plane through the ¢entres of the outer layer of atoms, In
the case of ™deal polarisability®, better £i% with experiment
seems to be obtained when the boundary is drawn through the
centres of surface atoms; however, when electron transfer
occurs in adsorption. the effestive boundary appears to be

the pez'iphex'y.ze8

although this case, of course, 18 strictly
one of "chemisorption”,

The interaction of a dipolar moleculs with a
conducting surfacs csn also be expressed in terms of image

forces and the corresponding energy 1s given by

E, = - /w?/u 3 (1+ cos® 0) (148)

where /IA 13 the dipole moment and & is the angle betwsen
the direction of the dipole and the normal to the surface,
E’/« 13 low and in most cases may be neglected,

(iv) The Induced Surface Dipole

A more important interaction between & nonepolay atom
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or molecule and a conducting surface is provided by the

dipole induced in the adsorbats, Two types of experimental
evidence have boen given for this effects {a) the two
dimensional Van der Waals equation can often be applied to

the behaviour of adsorbates such as 4 Ny 02. €0 and GHI& on
graphitic materials or qharcoal, or on mercmry.ea9 The
striking feature 1s that the attraction constant required to

fit the experimental data is elther very low or pegative.
Repulsion between similarly directed indueed dipoles would
expiain this finding, This behgviour points to a polarisation
of the adsorbed molesules by the fleld of the charcoal or of
mercury; (b) values of contect potentials messured by
Mignolet?30s23L gy s e large change when xemon was adsorbed
on nickel, The "WiXe" £ilm was found to exhibit a surface
potentlel of + 0.85 volt, A number of other physically
adsorbed f1lms have also been examined by ?ﬁgnoletgz:’z'zﬁ'&’ :
In the case of NiXe, Mignolet showed that each Xe atom had an
induced dipole moment of /A = 0.2 x m18 9¢8etts Jor 0.42 Debye),
Such en induced moment with the positive end away from the
metel would explain the change in contact potential on adsorption,
The resulting contribution to the adsorption energy can be
evaluated from the following equation235

Bx == o Oed (149)

“’
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where oK 15 the polarisability and /* 18 the dipolemoment
estimated from contact potentials or the Ven dep Waals
attraction constant. It must be emphasised that unlqss the
adsorbate 45 an ion, the foregoing analysis shows that the
nost important contribution to the adsorption energy of a
non-polar molecule on a uniform metal surface 18 due to an
induced dipole. This is likely to be true even for molecules
possessing small permanent dipoles such as carbon monoxide,

or for these possessing quadrupoles such as nitrogen,

(v) Energles of Interaction with Dielestrie Surfaces

The interaction energles of adsorbates with dieleotric
surfaces such as salts and oxides depend on the nature of the .
approaching molecule. With conducting surfaces the dominating
forces we have seen, are due to polarisation of the adsorbate,
This 13 to be contrasteci with the situation at dielectric
Surfaces where Van der Waals interaction and rorcés arising
from interaction with permanent dipoles are predominant,
Interactions of nonepolar adsorbates with dieléctric surfaces
arise mainly from Van der Waals forces. The energies due to
repulsion and Van der Wasls forces have been discussed,

When ions are adsorbed on an ionie lattice, the
contribution due to coulombie forces is regarded as relatively

sma11,227'236 dwing to counter-interaction with ions of the
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same sign in the surface. The most importent contribution
1s due to the energy of polarisation of the dielectric
given by '

22
3:2‘8 :._}-
5 . 7o (150)

where £ 18 the statie polarisability of the dleleetric,
The eénergy of interaction of polar molecules with
lonic erystals is in proportion to their dipole moments

according to the equation

E/,k = -/NF - {181

where F 18 the local electrostatic field at the solid inter-
face, and can be estimated from measurements of heats of

236 This contribution 1s large for highly polar

immersion.
molecules like water, Polarisation of the adapzbate byithe
dielectric contribut‘g_a, however, 8 small energy even if the

molecule 18 non=polar,-

(vi) The Ihﬂuence of Surface mpoles and the Dipgile
Moments of Substrates in ‘Adao_z_'gtion Pi'ecesééé
Upon adsorption at o metal surface the electrical
properties of the adsorbate are generally changed compared with
those of the 1solated molecules and this effect may depend on
extent of coverage of the surface, Among 'thaso prppertiea the

magnitude of the dipole moment produced on adsorption is of
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considerable 1nterest. The surface dipole moment 1s obtained
by measurement of the change in work funetion /\ X ., which
arises from the modification of the surface double leyer and
consequent change of the surface potential. The elestron |
work funectlon of a metal vables with the state of. the surface
because adsorption ereates surface dipoles which alter thﬁa
potential barrier’ through which the electron passes in as-éaping
from the surfaces Changes in the work funetion have been - |
measured by thermionic emission or photoelectric techniques,
but more often by the contact potential method, If the |
negative end of the dipole‘produoed an adsorption is directed
away from the surface (electronegative layer), X the work
function 1s increased; if towards the surface (electropositive
layer), }C is decreased, Hignolet231 bas suggested that
physically adsorbed films may be charasterised by negative
values of A X and chemisorbed £ilms by positive values,
The effective dipole moment /u. can be dlreectly
caleulated from AX provided that the degree of surface
coverage ® is known. Values of Y for various systems have
been reported. Bosworth and Rideal®37 made measurements of
/LL using saturated layers of adsorbed gases for which § — 3,
A )( ig only directly proportional to @ if /M s independent
of 8, but this 18 not always necessarily the case. For
certain layers of metel vapours adsorbed upon tungsten, /M/ has
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been found to decreass markedly as 8 inoreases, owing to
mutual depolarisation of dipoles.a.a' ‘

The magnitude of the dipole moment is in itself
an indicatlon of bond type; large % values suggest lonte
or poler bonds and low /w 'valués suggest covalent bonds,
Morsover, aligned dipoles rapel one another and the repulsion
energy increases as @ inereases. The_;effect .bamountg toa
decrease in the heat of adsorption as @ increases, - Measurements
of heats of adsorption often provide a useful, ‘but not always
decisive, approach to the determination of the.extent of the
interaction. Changes in the electronic work function should
be oonsidered in pondunation with the influenee of buik
properties of the metal, such as electronie structurs,
megnetie susceptibility and electrical resistances Apart
from the study of bulk properties of the metal, the bess
eriteria for distinguishing between physical adsorption and.
chemlsorption are afforded by changes in the optisal, magnetic
or other properties of the adsorbed molecules, In this, respest,
infraered ‘spectroscopy has been successfully employed by
mar:herm“'z-?’9 and his coeworkers for the study of adsorption
on metals,

In tha case of adsorption from solution, the
problem of estimting the exact magnttude of the otfee#iva dipole
moment of the molecule in the adsorbed state is a prac'tieal
imposeibility, Desplte this gloomy realisation, ome can




optimlistically anticipate a dependence of the adsorption
behaviour {e.g. with respect to the vartation of heats of

adsorption) upon the dipole moment of the additive, e.g. as
discussed by Gierst.aé '

(vi1) e Hole of ydrogen Bondtng and Lome Patr
Orbitels in Surface Interections o

Hydrogen bond assoclation has many distinet features,
although it 1s eurrently regarded as som_awhat similar to
dipole agsociation. The hydrogen bend is regarded as arising
from the purely electrostatic interaction between the relatlvely
unsereened positive charge on the hydrogen nucleus and the
electrons in the lonespair orbitals of the "donor® atom.a*o,
Hydrogen bonding results in certain modificgtions'in fhe_
electron distribution of the individusl molecilss, Thera &5
now ample evidence o: hydrogen bonding in many twoephase
Systems 122 at interfaces.

In electrods processes where adsorption oceurs, it
will net appear improbable that hydrogen bonding plays an
important rjc\ne, especlally in cases where the adsorbate
contains an electronegative atom and the solvent ¢s hydroxylic,
This point of view was put forward in a resent peper by
Gierst86 who suggested that Neheterosyclic molecules may orient
at the elesctrode surfece with theip negative ends towards the

8olvents A fuller discussion of this matter was presented in
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the Tight of the aubhor's oun experimental findings in
Chapter IV of this thesis. |

The z/'\ole of adsorption of the solvent in electrods
reactions has not been well characterised, although there
16 no doubt that the solvent must teke part in hydrating
or solvating the reacting species and determining the heat
of activation of the electrode reaction, Furthermore, the
foroes with which the solvent is held to the metal surface
ars at present little understobd.aﬂ A few determinations
have been made of the heat of adsorption of water and aleohols
at mereury and other metalszos’a‘h and these experiments
indicate that the adsorption forses are of a more specific
nature than those of physical adsorption, and may involve
interactions of unshared eleetron pairs with the metal and
hydrogen bonding between adsorbate molecules in the surface
layer,

For the present, 1t suffices to state that in
adsorption from the aguecus 11quid phase hydrogen bonding
will usually determine the Solubility of the additive in the
solvent, This ean be qualitatively generalised Yy saying
that in adsorption, the metal sunface and the solvent attrast
the additive in ‘thgompetitive manner. In general, it may be
anticipated that the greater the solubllity of the adsorbate
the less will the substance tend to be adsorbed at the metal

surface, although this is not always the case as has been
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shown above in the section on Experimentsl Results,

(vill) The Rffect of Unshared Lone Pair Electrons
M
in Adaoggtion o '

coordinate link'a uay sometimes be formed with the
adsorbent in the chenisorption of molecules containing atoms
of groups ¥ and VI of the periodic table. The linkage takes
place by the "donation" of electrons from the adsorbate %o
the adsorbent, Mazted and his co-workers2® have studiod
the polsoning of transition metal catalyses and provided
evidence (e.ge the loss of paramagnetic susceptibility. of
palladium upon adsorption of dlmethyl sulphide) for the
existence of such bonds,

Poisoning effests by nonemetals on e #ariety of
catalytic reactions in selution were found to be largely
confined to those compounds of elements of groups ¥ and VI
that possess lone eleetron pairs. The following table
(Table XIV) {llustrates some examples of the influence of
elecironic configuration on toxieltys

N



M'Iv

o 233 e

TABLE XTV

- T
2N PN
scl \?r-z “?l -\m
| |
HC g/cx Ec\ /:E \
5 7 E
HD’.; Nﬁk R
B T
1 [
He 2 s B 0= 3'3=0
L D |
- , - ]
= ._ ? 3
| .
EefgeR 0 - A0
a0 ‘
L 0 .
? & - ﬂ 5
o...s - Qe i:ﬂ
S
k. | .
I .s |
Re (Bye S e CER RCH, |sL - CER
o 0 !
0 0 o
: N/
/ /N
sﬁ I(lm xalc ca,
|
H —— CH Bl ——Cil,

¥ These structures are written with:conventional eoordinate eovalent
linkages, In some cases this representation may be regardedas

archalc 246 byt 45 45 adequate for i1lustrating the differences
of strustures dlsecussed herce
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Calalysh pelisoms are normally dffeetive through being
very strongly edsorbed and covering the active” part of the
surface. Since poisoning activity is mostly limlted %o
compounds cepable of coordimticn it appears 1ikely that the
poisons are adsorbed im this wey, possibly with domation %o a
metel Geband ole" (vide infra). The adsorption of amronia
(and possibly phosphine and arsine) appears to be am exception.
Thus, evidence is provided by the work of Wehba end Rembaiy 7
in thelr studies of ammonia chemisorbed on tungsten, iron and
nickel films, that adsorption involves dissociation and the
formation of covalent bonds,

The coordinate linkages d4seussed by Maxbed may be
illustrated in the following types of chemisorption whers the
full arrow is used to signify the coordinate ls.ﬁkage.

?
¢
\

Eﬁ/\?ﬁ
R.C CH BC CE
N 3 \ 7/

5 .

B ‘l' de

Table XIV shows that donor elements do not exhibit cabalytically
toxic properties when they are in thelr highest state of
valency, 1.0, when there is no lone palr of elestrons available,

The same holds for lons of these elements; the sulphite ien
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acts 25 2 polsom, whereas the sulphate ion does nots
. 2. ' ) ‘ ’ 2-
IR : . '

Pé {2¢) and Pt ' (2¢)

The former 1s bound by a ccordinate link, aided by the force
of interaction with the image (2+) of the ionie charge; the
latter force 18, however, rather weak because of the relatively
large distances of the negative excess eharges from the metal,
In the absence of other chemical factors such as sarface 'salt
formation, the sulphate lon 18 held only by this ﬂmgo foree.
In both cases there are the Van der Waals roroos in addition
v these wiil be weak.

Suhrmnna‘a has explained the strong 1noreaae of the
normal photoelootrlo effect at motala oauaed by tho adsorptlon
of water and ammonla by suggesting the formtion of similar
coordinate links with the metal in the ohonisorption of these
molecules, Dipoles are formed which are oriented with thed»
positive poles away from the surface, thereby decreasing the
electronic work funstion and consequently lowering the normal

photoelestric threshold,

Pt | 2t




Hackernan and Makrides™® snggested tn thelr study
of the action of polar organic corrosion .inhibitbrs\eoncthe rates of
dlesolution of metels in acids that chexizorption of imhibitows
occure through coordinate bond formation with the surface atoms
of the metals. The inhibitor is rega:dagl as acting as the
donor and the metel 2s the aceeptor, ﬁleyu;hqﬁed_ that polar
organic compounds contalning elements of groups Y end V1 are

effective as inhibitors. Some particularly etfegtive functlipnal
groups are «CH, =CNS, «CHO, =C0 and -c;xo, and ecompounds vllzi_oi
céntain them are "electron rica", and can act as electron
donors. Hackerman and Makrides suggested that a satisfactory |
explanation of the inhibltory effectiveness of these compounds
can be given along lines sinilar to those stated in Maxted's
work. The two cases are comparable in that gdsorption of the
additive is the important factor in both examples. | |

Fuprther svidense for the r'c\wle of lone pair electrons
has been provided by Hackeraan and Cook29250 1n tnetr study
of adsorption of inhidbisors from bengene solutions onto steel
powder. It was also pointed out that not more than one elestron
pair per inhibitor molecule will be donated to the metal surface,
although the acceptor might 'have avallable orbitals for more.
Chemisorption can also occur when the metal acts as donor and
the adsorbate as amwsaptmx'.25“l _

. Chemisorption could eause inhibition either by

decreasing the diseolution tendency of the metal or by increasing
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the actlvation ovespotential for hydrogen discharge, f.e. by
polsoning. the cathodic reaction. Tae corroding metal
presents,of course an almost equipotentisl surface to the solution; .
the (aqueous) gofrosion process then ocours by the similtaneous
passage of enodie and cathodic partisl currents at a mized -
potential determined by the polarisation parametera for the
partial reactions. '

Hackernan end Malrides® showed that the relative
order of effectiveness of aliphatie amines as inhibf;tora for

corrosion of iron was:

3 < REE, < RN < aemx where R 15 a methyl gmup. and
also MB < mmz < RZNH < 338 where R may be ethyl,
propyl, bntyl or amyl groups. ’ '

' In all these cases oited, the strength of the iron-

_ amine bond was suggested as*ba‘lnga ﬁmction of both elestron
density on the N atom and the avallabllity of these elestrons
for coordinate bond fomation with the netal. It ws shown
that the intz'oduction ot a fourth alkyl group (to gj.ve the

qustemary s.on) caused a shsrp &rop in inhiditory power. on
| the basis of this theory such a deoreaae in inhibitory power
is understandable. However, Conway, Barradas and Zadwidzkim?
{see aleo Ghaptex' V) showed by direct spectrophotometsic
measurements of the adsorption of the quaternary Nemothyl

acridinfum fon, that the ion wes az strongly adsorbed as the
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noutral molecule but in this case the H atom stiil has a
7 eorbitel available for adsorption to the metal and in
this respect the H atom in the quaternery aeridinium sonm is
not in an eleetronically analogous econfiguration to that inm
‘aliphatic quaternary salts. Chappell et a:!..l'63 have also
demonstrated inhibition by the quaternary salt quinoline
ethiodide fpon the corrosion of iron but the effect is less
strong than with aliphetic nonequaternised compounds, It is
epparent, therefore, that some factors in addition to the
availability of a lone pair of electrons may be involved in
determining the strength of adsorption of Kecontaining
additives. In a series of similar S, N and 0 compounds, the
trend of adsorbability is BSH > RNE, > ROHj this is also
the reverse order of elestronegativity of the three atoms,
f.0. the order of decreasing electron. donative power and
electronic polarisability, | |

Hackerman and Malktrides also established some
interesting relationships between inhibitory power and
molscular structure of aromatic and heterocyelic organic
compounds. When the inhibiting functional group was attached
to an aromatiec n.ucleua, the corrosion inhibiting power was
diminished in comparison with that of alleyells or aliphatic
analogues. Aliphatic amines were found to be better imhibitors
than azomatie amines, Heteroeyclic aminesy while étill better

than aromatic amines, are less effective than the eorresponding
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saturated compounds. These relations are exemplified by the
following schemes

Aniline < pyridine ' cyclohexylamise
‘Pyﬂdine < pipéridine"
Diph‘enylabﬁ.ne < ” ﬂiejelohéxyléﬁne.‘ .
Comparative determinations of the electrochemical fsee energies
of adsorption of some of these compounds are reported 1n
Chapter IV of th.ts thesis,

The introduction of alkyl groups on.the benzers ring
of aniline leads to better inhibition beeause of both decreased
80olubility and increased eleetron density on the ¥ aton, The
seme is true when hydrogen atoms on N are replaeed by alky.‘:.
groups. This may be interpreted in terms of tho tendency of
the aromatic ring to withdraw the unshared pair of alectrons
away from the dopative B atom. Conversely, wuhen elestron
repelling groups such as a).kyl groups are introduced into the
aromatic ring some iphibiting effectiveness 1s :egainedg’f;aé
Qalitatively, this can be explained from the following
examplej aniline ean be represented by five canomical forms
which contribute to the overall structure

® ® ®
HNH HNH HNH HNH‘ | HIWH
/ .
‘ ' : A ©
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Substliution of elesiron-donaiing methyl groups in the ring
deoreases the contribution of the last three structures and tends
to iead to increased chemi sorption presumably because of the
resulting greater electron density at the ¥ atom. From these

structures 1t seems reasonable that, other things being equal,

Rt vraratid Vi Boutaa i

substitution in the ortho or para positions should be more

effestive than substitution in the meta position,

(ix) ESfeet of Unsaguration and 77/-orbita1 Interaction

Studies of chemisorption of ethylenic sompounds on
metal oatalysts have baen extensively reported in the literature.
The larger degree of interaction of unsaturated compounds with
surfaces 18 attributed to enhanced ohemisorption brought abous
by the double bond; whlch can contridute a second point of
sttachment of the adsorbate. Two point contast for the adsomption
of ethylene on nickel has been reportod‘by Twigg and Ridealzsa
but this probably involves dissociation, The chemisorption of
acetylens on nickel by two point contaet has also been discussed
by Herington.?> |

A ohange in the work function of metel surfeces upon
adsorption of foreign molecules is to be expested only if an
electron shift occurs to or from the metal surface. If the
electrons of adsorbed moleoules become part of the metal
"electron gas", or if the metal elestrons become involved in

the electronic shell of the molecule, not only a change of work
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function but a change in the electrical resistance of the metal
will also be observed. The change of resistance will usually
becoms of measurable magnitude when the adsorbing metal
1s not thicker than approximately a hundred to s thousand
tlue. the thickness of the layer undergoing electronic intere
actlon with the adsorbate. For such systems, measurements of
electrieal resisioucs of trensparent metallic layers can give
valuable date on the type of elecbronio interaotion involvad.
Suhrmann and Sachtler® showed that the work
function of platinum foll was lowered by the adsorption of
benzene. They concluded that the 7 -electrons were displaced
to the metal surface by adsorption. Suhrmann and Sohulzass'zsb
demonstrated that the electrical resistance of nickel films
drops uhen bensene or naphthalene is adsorbed. Again the
conelusion is that // =elestrons of the ring. sctually became
transferred to the metal and result in a lowering of the

resistence. A similar bihaviour of the resistance of transparent

nickel films was observed in the oass of adaorption of triphenyle

metho.ne. )
Smith and Meriwether>! found that the catalytic

hydrogenation of benzene on platinum was of zero order with
respect to bensene and had an activation energy of 7.4 keel
molel; they suggested that this low value, compared with the

resonance stabilisation energy of bengene (36 keal mole 1)
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indicated that benzene was chemlsorbed in such a way that
resonance was destroyedy however, the loglcallty of

thelr argunent 18 doubtful. Maxted and Jmseph258 have
dlscussed the anomalous calorimetric heats of edsorptlon of
thipphene ir relation to that of dlethyl sulphide on platinum

surtacess The canonlcel forms of thlophene are as follows:

/

The values of the heats of adeorption suggest that thiophene,

14ko bensene, loses its resonance energy on adsorption.

Maxted and Joseph observed that the initial heat of adsorption
~of dlethyl sulphide was, surprisingly enough, considerably
larger than that of its ring analogue, thiophene. The
difference agrees uith the known resonance energy of thiophene.
The evidemee is unmistakeble that the stabilising resonance
energy must be "paid for" in the adsorption of thiophens.
Fresumably, as in the case of benzens, the )y =electrons of
the ring add to the metal and the energy (+ 35 koal mole'l)
asso¢lated with destruction of the resonance upon adéo!ption is

then lost 80 thet the numerical heat of adsorption is anomalously
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low,

Further evidence of interaction due to / =electrons
has been given by Se].\mod‘,‘?S9 who measured the loss in
magnetic susoeptibility of supported nickel upon the adsorption
of hydrogen, benzene and oyclohexane. The initlal rate of fall
of heat of adeorption with surface coverage for these three
adsorbates 18 very approximately In the ratio of 21618, This
relationship 1s expected 1f the hydrogen molecule spilts to qll
become chemisorbed as atoms and if one hydrogen splits off each
of the four cnrbon.atona in oyclohexane which contaot the
surface in the "woat" conflguration; no hydrogen splits off
from the planar benzens ring, in which case six contacts are
made,

The role of r =electron interaction with the meroury
surface and at solid electrodes have been examined in some
detall in this thesis. It suffices here to recapitulate briefly
some of the earlier work done on this topie, Gerow1c3182’193
compay#l the eleotrocapillary behaviour of pairs of aromatio and
corresponding hydroaromatio hydrosarbons such as bensene~cycloe
hexane and naphthalene-decalin., From these experiments

Gerowioz proposed that dn the pobilive branch of the eleotroe

h capillary curve the prineipal foree of adsorption of molecules

of aromatic compounds arises from interaction between Zr-elaetrona
of the aromatic nueleus and the positive charges on the meroury

surface. Gerowies and Rybal'chankolah extended similar eleatro=
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capillary studies to unsaturated alicyolic and aliphatic
compounds. They showed that the degree of adsorbability

parallels the amount of unsaturation present in corresponding

“ compounds, It was also shown that the position of the double

bonds in the compounds had a very significant effect on

the adsorption at mercury., A comparison was made between
1,5«hexadiene and 2,li=hexadiene and the experimental results

clearly indleated that thée compound with the conjugated ‘

syatem of double bonds exhibited the greater adsorbability.
It may be stressed that the aboveementioned work wase earried
out in noneaqueous solvents, During the course of the work
reported in this thesis, Bockris and B].omgren31 published some
results of eleotrosapillary investigations of several organie
amines in 0.1 N aqueous hydrochloric acid solutions, They
reported that the prineipal effeckive foree of adsorption
operating on the positive (or anodte) branch of the elestro=
capillary curve 1s due to ) -eleotron interaction with the
mercury surface but the interpretation of thelr resulte was
directed essentially towards explanation of the mechanism of
corrosion inhibition.

It s relevant to mention here the quantum mechanieal
oalculations of 7/ w=eleotron energy differences ( A ) ) between
several quinones and corresponding hydroquinones reported by
Baau.26°'261 His results may be summarised as follows

Ar = 2 X+ 0.5 h%/8 n12 (152)
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where X 15 the T =-slectron energy 1o a earbonyl group and
the secondary term is the T =slectron energy of two ethylenic
3 double bonds caiculated by the Iree olectron approximation

method (ef, Kauzmann%e

)o h is Planck's constant, m the
electron mass and 1 the length of a CeC double bond, Small
values of 4 T correspond to a greater ease with which

quinones will form from the parent hydroquinone. / 7 's

Were also caloulated for phenolss A correlation was found
between the /| =electron energy-difference and getual
oxidation potentials of a number of phenols, An unsuccessful
attempt was made to correlate the polarographio halfewave
potentials of a number of open-chain aldehydes with A 77
between the oxidised and redused forms; the prooess was
assumed to be a one electron plus one proton addition at the

dropping mercupy cathode,

C. HNATURE OF ADSOﬁBE‘NT SURFACES AND INTFRNAL STRUCTURES

(1) Qeneral Remarks

In recent years a concerted effort has been made to
conneot chemiscrption behaviour with the properties of selid
catalysts whieh will permit an a priord prediction of their
specifie catalytic activity., Two such important properties
have emerged: the geometricel and eleotronic factors, It is
to be noted that the discussion which follows will be necessarily

brief since several excellent reviews on these subjests have
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eppeared in the Uterature,230263-266

(11) Qeometrical Factors

267 268

Sinece the elassical work of Langmuir~' and Teylor,
orystal structures and molecular bond lengths have become more
precisely known, and it is natural that correlations should be
sought betwsen the geometry of a solld surface and its
adsorptive power or catalytic activity. Considerable theoretical
and oxperimental support for the operation of factors concerned
with surface geometry has been publiahed.282’253‘269'275 For ‘.!
example, during the period 193=1948 Boeok272'275 and his

co=wWorkers earried out their classioal experiments on the study

of the catalytic hydrogenation of sthylene over metallic fllms,

They reached the conclusion that the activity of these metal

f11ms for this reaction was apparently related to certain intere
atomic spacings in the metal. They plotted the activity against

the lattieec.spacings of a series of qotals and their results

indicate that the spaecing of atoms in rucdlum was bptimum for

the ethylene hydrogenation.

(111) Eleotronic Pactors
Contemporaneously with the imtroduction ef the
geometrlo factor, a second and more general factor appeared
in the literature of chemisorption. This is the so-called
"elaotronic factor", which is impliclt in certain papers
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publighed a8 early as the 1920'3.276'277 Inasmuch a8 the
edge of the unlt cell of metal catalysts with cuble lattices
may be tho gauge of the geomelric factor, the wagnetic
properties of the metul tre a measure of the elestronic factor.
Furthermore, the high energies of binding observed in
chemisorption lmply that the forces involved ave the electronic
ones famlliar in ordinary chemical vond formation und thus in
any theoretical treatment of chemisorption, considerations :
both of elestron transfer between the solid and the adsorbate \
and of electron sharing become necessary. cince §lectrons
must be provided or accepied by the solid adsorbent, it 1s
clear that the elestronic structure of the solld must play a
‘prineipal x'%lo.

276282

Several workers have attempted quantum ‘

mechanical treatments of the elestronie factors in chemisorption,
Wnile this theoretical approach 18 1Mportant; it has not
progressed sufficiently far t_o be able to yleld conclusions
oapable of exsmination by experimeniel measurements on real
systems, A more fruitt{ul ‘approach to the theory of chemisorption
has been the application of the elestron theory of metals at a
mich less formal level, with the immediate aim of interpreting
existing data qual';tatively. This semi-aeimirical approach
provides a firmer footing for future endeavour and partiocular

mention should be made of the work of 1kam1en..a83'285
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dpplications to eleoirochemical roactions have been made by
Conway and Eookria3°u and by Schuldiner et al.3°7

Hydarogenation catalysts are usually transition
elementss The atoms oI ti.cse elements possess partly empty
d-shells and the elestronle properties of the bulk metal mey
be treated in terms of two complementary theories: the one
based on the band theory developed by Mott and JoncsaB6 and
;he other on the valence bond theory of Pauling.287 -Pauling
showed that the lattice spaclngs of transition metals are
closely related to thelr "decharaster" end the interesting
posBidility arises thet In some cases the apparent existence
of a geometric factor may more fundementally be related to the
electronic structure of the metals,

Boudartzaa using Beesk's original data for the
correlation between orystal parameters and catalytic activity
in ethylene hydrogenafion, found that the logarithm of activity
was a steaaily inereasing function of percent decharacter.
The.-term "d-character" 1s regarded as a messure of the degree
of partieipation of deelestrons in the dsp hybrid bonding
between metal atoms, Increasing participation of d-orbitals
means that more dwelectrons are used for the mutual cohesion
of the metal atoms in the metallle orystal lattioce. This also

means that feWer deslectrons are avallable for chemisorption.

The hypothesis that a high decharacter favours covalent
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cheinl Sorption is borne out by direct studles of adsorption,
The best indications of this are for those reactions catalysed
by binary alloys in a certain range of composition where

the d=band 1s completely filled from a certain commposition
onward (for example the work of Couper and Eley,289 Dowden
and Reynolds.29° Rienacker and v@rmum291 and Maxted, Dilke
and Eleyzga).

However, Sheridan and Reld, >3 working on acetylente
hydrogenation, demonatrated that no clear relationship existed
in this case between percent d-character and catalytio
activity. They found instead a parallelism between catalytic
activity and magnetic suspeptidbility, which arises intrinsically
from the presence of d-holes in the metal. This pointa therefore
to the more currently sccepted view that adsorptive properties
and catalytio astivity is essentially dependent on
the number of deholes or unpaired d-atomis orbitals and not
necessarily on percent d-character, For hydrogenation reactions
there 13 some fortultous correlation between catalytie aetivity
and decharacter in the transition elements but this is not
general, It may be remerke@ that the variation of percent
d-character in those transltion elements dlscussed by Beeck and
Boudart was quite small so that 1t is not perhaps surprising
therefore that apparently linear relationships between
activity and d-character were obtained, Catalytic activity
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and heats of adsorption will depond moro fundawentally on

the number of unpaired deatomie orbitals (Pauling) or deholes

(Mott and Jones)s It may alzo be aeen fSiom Lie following

table that there 18 no simple relation (e.g. a reoiprocal one)
between the number of unmpeired dwatomic orbitals in the metel

and the peroent decharacter,

BLE V
Elements Fe Co 23 Cu
4 decharapber 39.7 | 39.5 40.0 | 36.0

Unpaired deatomic orbitals | 2,2 1.7 0.6 0

This table has been taken from MeD, Baker and Jenkins, ref. (265).

(1v) Qverpotential and Hume-Rothery Alloys

Studies of hydrogen overpotential also provide some
evidence for the role of elestronic structure in (electro-)
catalysis by metals. Thus Kinmler29h found that the overe
potential at a copper elestrode is inoreased by alloying with
higherevalent metals. As tho elestron to atom ratic in the

X phase 18 inereased, thereby filling the Brillouin zone,
the overpotential if found to be inoreased.
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Bofore procesding further, a short digreszion on
e few fundamental consepts will be of aid in the ensulng
disoussion. The energy bands within whlch an electron may
be transferred from one energy state to another without
crossing one of the discontinuities, i.e. without fnvolving
any large inorements of energy, are known &8 Brillouin Zones.
The progresslve substitution of one type of metal atom by
another type having a different valency changes the ratio of
valence elestrons to metal atoms in the orystals. This ratio
has been termed the Eleectron Concentration (E.C.). The Fermi
level (the envelope of the highest occupied quantum atates)
of the "solute" metal will either be raised or lowered
depending on whether the solute metal has a higher or lower
valency.

Hume Rotheryzqs"z% pointed out that in some alloys
the strusture of the inter-metallic phases are determined by
the E.C. The series of chmgos[ A (PeCele) — ﬂ (BeCeCu) —

) (complex structure) —> £ (C.P.H.) phase | which
oocour as the composition of an alloy 1s varied continuously,
teke place at eleotron to atom ratios of 3/2, 2/13 and 7/L,
respectively. The interpretation of these changes in terms
of the Brillouln Zone theory has been made by Jones, 2! and
he obtained theoretical values which are in execellent agreement.
Metals, for example silver, are able to dissolve

other metals to form stable HumeeRothery phases. Electrons
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from the solute metal fi11 up the vacant electron levels in
the Brillouin zone untll a solubility limit ie reached, Thus,
a8 the concentration of the solute metal 1s Inorensed; the
nunber of empty electron levels avallable is dimini:ihed, If
electron sharing or electron transfer are important in
chemisorption, such a change in the slectronic structure of

the alloy as the zone becomes more complete might well be ‘

expected to affeot the catalyst actlvity, The posaibility of
using thesa alloys as catalysts of controlled E.C, has been
exploited by Schwab and his co-workera,298’3°° whose exhaustive

studles of the decomposition of formic acid vapour over alloy

catalysts represent a major contribution in this fleld.
Using silver or gold as solld solvents and adding

the multivalent metals of Groups II to ¥, the electron
concentration can be inoreased up to 1.33 in the fifth period

(Cd, In, Sn, Sb), and to an electron concentration of 1.1 in :
the sixth peried (Hg, Pb, Bi)., Although the metals of groups

Il to ¥, with atomlc radli greater than that of silver g
(r = 1,44 X), inorease the energy of activation (EA’ of the

catalysed dehydrogenation of formle acld, the same was found

for copper (r = 1,28 X), gino (r= 1,37 R) and gallium

(rele39 X). There 18, however, a straightforward correlation

between E, and E,Cep E, increases with the square of E.C,

within the { phase, With heterogencous alloys of the Humee

Rothery type, other intermetalllc phases are formed and
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Schwab showed that EA reached a maximum for each phase.

The catalytiP activity of both homogeneous and
heterogeneous alloys ;=| dependent on the degres of completion |
of the Brillouln zones, Within e phase domain, addition of
a 3olute metal has the effect of ralsing the Fermi level, which
causes a corresponding rise in the energy of astivation. The
change from a 8iturated phase to an unsaturated phase on the

Hott and Jones theory 18 accompanisd by a lowering of the

Fermi surface, and this produces a lowering of the energy of
activation.,. One infers therefore that the filling up of
the Brillouin zone oorfesponda to the completion of holes in ;
the deband,

Returning now to the interesting observations made
by Himmler on changes of overpotential, it may be further

such
noted that sttvelent metals/as sluminium and indium had twige

the effect of the divalent metal zine in lncreasing the overe
potential at the copper alloy electrode. Bockris and Pentland3°1
and Bockris and Potter3°2 have suggested that the slow step in
the evolution of hydrogen at copper and nickel electrodes is the
production of chenisorbed hydrogen atoms. Thus it is plausible
to associate Himmler's effect with hydrogen chemisorption. The
chemi sorption of hydrogen at copper, at best a dlfficult
process.3°3 will be rendered more difficult es the states im

the Brillouln zones are filled further. Bockris oL has pointed



- 3 =
out/gggthydrogen overpotential of a metel is higher, the lower
the work function of the metal, This finds a direct explanation
on the present view, sinee according to Dowden the vromotion
of an electron to the Fermi level, in the formatlon of a covalent
bond M~H, 18 an easier process if the work functlon 1s large.
Conway and Bockris3°h have examined the dependence of hydrogen
overpotential upon work function and heats of chemisorption of
hydrogen at metals. They conclude that the depandence of
exchange currents upon the work function arises indireectly on
acocount of the primary dependence of electrochemical rates of
hydrogen evelution upon the heat of adsorption of hydrogen on
the one hand, and the dependence of these heats of adsorption
u@on work funetion on the other. Inoreasing work function is
paralleled by a decrease of heat of adsorption of hydrogen in
a serles of transition metals and the observed dependence of
hydrogen overpotential upon work function 18 then best
{nterpreted in terms of the decreasing heat of activation for
an eleotrochemical hydrogen atom desorption step as the
work funetion inereases, This assignment of mechanlsm is
consistent with the observed magnitudes of H/D isotope
orroots.3°553°6

The kinetics of hydrogen evolution at gold,[/Z phase
palladiumehydrogen and gold-padledium alloys &1 Au/Pa ratlos
of 0.2, 0.43, 0,88 and 2,70 were determined by Schuldiner
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and Hoare.3°7 The rate eontro)ling step for the hydrogen
producing reaction on the Pd/H elloy and the Au/Pd alloys
up to e Au to Pd ratlos of 0.6 was cleetrochomical hydrogen
desorptiony beyond this ratio and for pure gold, the ratee
controlling etep was the combination of adsorbed hydrogen
atoms, The effect of suocessive additions of gold 1n the
8lloy on the deocrease in catalytic aotivity of palladium was

large up to the 0.5 Au/Pd atomic ratio, but at higher ratios
the suoccessive addition of gold produced & much smaller
decrease in catalytio activity. Similar effeots with CusN{
alloys have been found by Conway, Beatty and de Maima.”B

|
|

Lastly, Burgers and Braberl3°9 have shown that the

o el

rate of sathodloc reduction of ferricyanide lons at alloy

electrodes is related to the degres of completion of the
Brillouin sone in Hume-Rothery alloys, and to the number of
deband holes for transition metals,
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It must cantioned that an exact correlation of
the catalytic activity of metals with their solid state
properties oannot be made so adequately as the corresponding
telationship between the chemlsorption of simple molecules
and the metallio properties, 7This 61roumstanca hinges, in
part, on the deficlencles of the present state of theoretical
development in the field of catalysis, but also on the
complexity of the phenomena, on the faot that the mechanisms
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of the reactions or adsorption processes goneerned are not in
nany cases unequivoeally known, and on the pauclty of data,
Nevertheless, useful information continnes to he geined,
although to a large measure still leads only to the derivation
of qualitative relationships,

D, CONULUBING REMARKS

The problems assoclated with studies of cheml sorption
and physical adsorption hsve been outlined in various parts of
this thesls, Scme of these difficulties are further complicated
in studies of "Eleotrochemical Adsorption” by the presence of
solvent molecules in the solution phase and the varieble field
and eleetronic state of the surface at various elestrode
potentials., In spite of these problems, the barriers to
further progress are not insuperable,

in concluaion, an abridped summary of the prineipal
faotors which determine the adsorption of additiven and solvent

at electrodes is given belows

l. Van der Waals Forces

2. Electrostatic Image Potentials

3+ Nature of the Chemlcal Bond between Adsorbate and Adsorbent
e Role of Hydrogen Bonding

5  Polarisability and Orientation of Surface Dipoles

be T/’ -Eleotron Interaction

'
i
R
l;i
WH
i),
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7. Interaction of Lone Pair Orbitals

8, Resonance Effects in the Adsorbate Specles

9. Strueture and Geometxry of Adsorbates

10, Effect of Dipole Moments

11. Effeot of Electron Work Functions

12, Solvation Effects

13, Purity and State of Adsorbent Surface

1. Nature of adsorbent Structure: Electronic and Geometrie |
Faotors, in particular the dehole vacancles in trensition ‘...
metals and elestron concentration in alloys.

15, Impressed Fleldedipole Interactlonsin the double layer

16, Impressed fleld~charge interactions in the double layer

17, Competitive effests between solute and solvent for the
electrode surface and for the region of high field
intensity near polarised elestrodes

18, Classical "surface activity" effects connected with
solubility and solvation of the addifives (indepsndent
of the metellic phase and found also e.g. at the aire

water interface).
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CLAIHS T0 ORIGINAL RESEARCH

I. NEW EXPERIMENTAT RESULTS AND THRORETICAL INTERPRETATIONS

1. Eleotrochemical 1sotherms for several unelonised orgenic
bases, thelr conjugate protonated and thelr Hemethyl
quaternary salts have been determined at mercury.

2, The thermodynamics of the 1sotherms have been sxamined
and, in particular, a direet comparison between the

standard elestrochemical free energies of adsorption of

several uneionised bases and their econjugate lons have
been made for the first time.

3+ Interaction effects in the adsorbate layer have been
deduced from the thermodynamio data for the organle bases
both in the ionic and neutral forms,

4o A theoretiosl treatment for such interaetion erfects
between the neutral adsorbate molecules has been developed
and shown to be semi-quantitatively applicable to the
experimental results.

S. Important orientation effects in the adsorbate layer
have been correlated with molecular structure and field
in the eleotrical double layer.

6. The theoretical treatment for interaction effects with
ionic adsorbates has been improved and also shown to be
applicable to the appropriate experimental results,
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T New information on the structure of the double layer
in the presence of organic ions and molecules has been
ebtained by a detailed evaluation of the ionie oomponents

of charge as a funotion of electrods potential, adsorbate

concentration and aeid concentration,

8. The Esin and Markoy toefficlents (1,8, the factors

determining the slope of the relation between ths potential °
at the e.c.ms and the chemical potentials of the adsorbate
in solution) have been evaluated experimentally for the
organic lons and shown to be in agreement with corresponding
values deduced thermodynamioally.

9+  An analogous treatment to that mentloned in (8) has been
given for the first time for neutral molecules, and
the theoretical and experimonfal 8lopes compared,

10, The role of ) eorbital effests in determining the
elestrochemical free energies of adsorption of the various
additives has been oritically examined and discussed
quantitatively in several cases.

11, Prom comparative data on components of charge and on
elostrochemical free energies of adsorption for atructurally
related Neprotonated and Nealkylated heterocyolie ions,
it has been concluded that in these cases the prineipal

species adsorbed in aold solutions of the bases are the

protonated ions,
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Isotherms have been obtained for several heterosyclie
bases at copper, nickel and silver, and interpreted
themodynami cally,

NEW EXPERIMENTAL TEGHNIQUES

Minor improvements in the technique of electrocapillary
neasurements and in the design and operation of the
Lippmann Elestrometer have been reported,

A nev teohnique for determination of the adsorption of
organic additives under equilibrium conditions at aitd
electrodes has been developed and ntilises a

photometric analytical prosedurs,
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